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SUMMARY
SUMMARY
Seventy axenic microbial cultures were isolated from 
aquatic habitats, soil and air, according to their ability 
to lyse live blue-green algae. These isolates comprised 62 
fungi, representing the genera, Acremonium, Emericellopsis 
and Ver ticillium, four bacteria of the genera Flexibacter 
and Pseudomonas,and four Streptomyces spp.. In addition to 
these isolates, amoebae, identified as Acanthamoeba castel- 
lanii, were found predating algae in many of the initial 
plaques formed on Anabaena flos-aquae lawns. All isolates 
lysed A. flos-aquae, and in most cases, several other fil­
amentous and unicellular blue-green algae also.
The effects of varied experimental conditions on algal 
lysis by selected isolates were examined, as was the lytic 
mechanism involved. In general, the blue-green algae tested 
were most susceptible to microbial lysis when incubated at 
25 to 30®C. Algal lysis also increased when the initial pH 
of the growth medium was raised.
The fungi generally showed greater lytic activity than 
most of the other isolates towards a wider range of suscep­
tible algae. Many of the fungal isolates retained their 
lytic activity after preservation under liquid nitrogen and 
freeze-drying. Emericellopsis and Acremonium isolates also 
inhibited the growth of blue-green algae and Gram positive 
bacteria, but did not lyse the latter. The exudates from 
these fdngi also inhibited the Flexibacter flexilis isolate 
and Ac. castellanii. Acremonium and Emericellopsis spp. 
produced cephalosporin C and evidence is presented to suggest 
that the extracellular lytic and inhibitory activities of
these fungi are due to the release of this g-lactam anti­
biotic. Extracellular lytic activity was not detected with 
any of the other isolates, including the Verticillium fungi.
The frequent isolation of predacious amoebae and lytic 
fungi from algal habitats suggests that these organisms may 
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Blue-green algae, also known as Myxophyceae and Cyanobac­
teria, are a widely distributed, important and,^in certain 
habitats, numerous group of prokaryotic micro-organisms. They 
are often initial colonisers of barren natural environments 
(Cameron & Fuller, 1960) where their photosynthetic ability 
makes them important primary producers in food chains. Blue- 
green algae contribute to soil fertility by the excretion of 
extracellular materials, binding of soil particles (Shields & 
Durrell, 1964) and the fixation of nitrogen, in temperate and 
tropical regions, by certain species, which is important in 
soil especially in rice paddies (Vatanabe, Nishigaki & Konishi, 
1951; Pandey, 1965).
The occurence of blue-green algae particularly in large 
numbers is not always desirable, as several species are known 
to form water blooms or copious accumulations of algae (Fogg,
1969), which can block drainage, irrigation or filtration 
systems. Blooms of some species may produce toxins active 
against other algae (Vance, 1965), fish, wildfowl, cattle and 
man (see Gentile, 1971}. Blue-green algal blooms often die 
off suddenly and their decomposition can lead to further 
toxin release (Gorham, 1960), extreme oxygen depletion of the 
water, production of odorous and foul-tasting substances 
(Safferraan et al., 1967) and often mass mortality of fish 
populations (Shilo,1967).
The phenomenon of unwanted algal blooms is becoming more 
frequent with the increased eutrophication of the freshwaters 
of highly populated areas. Various methods of preventing or 
eradicating blue-green algal blooms have been explored but
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most present problems of cost and efficiency, difficulties 
in application, and side-effects on other organisms.
Much interest has been expressed in the environmental 
factors which induce and control blue-green algal blooms 
(see Whitton, 1973a) and it is from these studies that the 
possible importance of microbial interactions in the regu­
lation of algal growth has been realised. It is now known 
that various micro-organisms, including viruses, bacteria, 
fungi and protozoa, can affect algal growth. Several of these 
micro-organisms which are pathogenic to blue-green algae are 
being investigated as methods of controlling algal blooms (see 
Stewart & Daft, 1976). However, it is probable that other 
micro-organisms which exercise equally strong regulatory eff­
ects on growth have yet to be isolated and studied.
Antagonists of Blue-Green Algae
Although there were earlier observations of destruction of 
live blue-green algae by various micro-organisms, particularly 
protozoa (Comandon & de Fonbrune,1936;Picken, 1937) and fungi 
(Fritsch, 1903; Canter, 1953), it was only following the 
isolation of actinomycetes capable of killing blue-green algae 
by Safferman and Morris (1962) that detailed and systematic 
investigations were undertaken to discover natural microbial 
pathogens of blue-green algae. As a result of such investi­
gations, it is now known that there is a wide range of micro­
organisms, representing most of the major classes, which are 
pathogenic to blue-green algae.
Viruses
It was suggested by Krauss (1960) that algal viruses may 
be the cause of the often sudden disappearance of algal blooms,
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Viruses which lyse bacteria, bacteriophages (d'Herelle, 1917) 
and actinomycetes, actinophages (Wieringa & Wiebels, 1936), 
had already been studied for many years, but it was not until 
1963 that a virus which lysed blue-green algae (cyanophage or 
phycovirus) was first reported (Safferman & Morris, 1963a),
This initial isolation was soon followed by reports of cyano- 
phages from Russia (Rubenchik et al., 1966), Israel (Padan,
Shilo & Kislev, 1967), India (Singh & Singh, 1967), Sweden 
(Granhall & von Hbfsten , 1969) and Scotland (Daft, Begg & 
Stewart, 1970). More than 20 viruses which infect unicellular, 
filamentous heterocystous or filamentous non-heterocystous 
blue-green algae have now been isolated from different habitats 
throughout the world.
Four main groups of cyanophages showing morphological 
similarities have been studied and characterised in detail.
The LPP group, so called because the algae lysed were members 
of the genera Lyngbya, Plectonema and Phormidium, consists of 
the viruses LPP-1, isolated from a waste stabilization pond, 
the first cyanophage to be isolated (Safferman & Morris, 1963a), 
LPP-IG (Padan et al., 1967), D-1 (Daft et , 1970), LPP-ID 
(Cannon, Shane & Bush, 1971) and LPP-2 (Safferman et al., 1969a) 
which is serologically distinct from the others. These cyano­
phages resemble bacteriophages, the head is icosahedral (D-1) 
or polyhedral (LPP-1), 56.0 to 60.0 nm in diameter. The tail 
length ranges from 10.0 to 37.0 nm, DNA is linear, double 
stranded, 13,2 — 0.2 nm in length with a molecular weight of 
27 X 10^ daltons (Luftig 8e Haselkorn ,1967) and the G + C ratio 
is 55 to 57% (Goldstein & Bendet, 1967).
The second type of virus to be characterised was SM-1
-4-
(Safferman et al., 1969b), also isolated from a waste stabi­
lization pond (Safferman & Morris, 1967), which lyses Synecho- 
coccus elongatus and Microcystis aeruginosa NRC-1. It is a 
polyhedron, 88 nm in diameter, with five or six knob-like 
projections, an extremely short tail and double stranded nucleic 
acid.
The third group of viruses consists of N-1, the first cyano­
phage to be isolated from a lake (Adolph & Haselkorn,1971;
1973a), which infects certain strains of Nostoc museorum,and 
AS-1, again detected in a waste stabilization pond sample (Saff­
erman at al., 1972), which infects Anacystis nidulans and 
Synnechococcus cedrorum. Both viruses have a polyhedral head with 
a long contractile tail. The N-1 particle has a head approxi­
mately 61 nm in diameter and a tail 100 nm long. The DNA is 
double stranded with a molecular weight of 38 - 3 x 10^ daltons 
and a G 4- C ratio of 37 to 4196. The AS-1 virus has a head 90 nm 
in diameter and the tail is 243.5 nm long. The DNA is again 
double stranded with a G + C ratio of 53 to 54%.
Adolph and Haselkorn(1973b) isolated and characterised a 
second type of virus, S-1, with a hexagonal head 50.0 nm in 
diameter and a non-contractile tail, 140.0 nm in length. The 
DNA has a molecular weight of 23 to 26 x 10^ daltons and a 
G + C ratio of 70 to 74%. This virus is only known to infect 
Synechococcus NRC-1.
Several other cyanophages have been reported, but in little 
detail. These include viruses infecting blooms of Microcystis 
aeruginosa, M. pulverea and M. muscicola in Ukranian reservoirs 
(Goryushin & Chaplinskaya, 1966,1968; Rubenchik et al., 1966), 
five strains of cyanophage reported from India (Singh & Singh, 
1967) infecting certain strains of Cylindrospermum, Anabaenopsis,
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Raciborskii, A. circularis and Raphidiopsis indica, cyanophages 
of Anabaena variabilis (Granhall & von Hofsten, 1969), Aphani- 
zomenon flos-aquae (Granhall, 1972) and a rod-shaped virus in 
Oscillatoria princeps (Ueda, 1965), which is stated to be 
similar to tobacco mosaic virus.
Actinomycetes
Lysis of blue-green algae by actinomycetes has been reported 
by Safferraan and Morris (1962; 1963b), Rubenchik, Bershova and 
Knizhnik (1965), Bershova, Kopteva and Tantsyurenko (1968) and 
Gunnison and Alexander (1975b).Safferman and Morris (1962) found 
that of 403 actinomycetes isolated from soil, 99 exhibited anti­
microbial activity exclusively against blue-green algae. Three 
strains in particular, D-5, BB-49 and BB-53, proved to be toxic 
to a wide range of blue-green algae. Similarly, Rubenchik et 
al. (1965) isolated three species of actinomycetes, from fresh­
water and soil habitats, which lysed bloom-forming Anabaena species. 
However, there appears to have been little detailed study of 
actinomycete antagonism of blue-green algae during the past de­
cade.
Bacteria
Following the first isolation of a bacterium, identified as 
a Myxobacter sp., which lysed blue-green algae (Vu, Hamdy 8r 
Howe, 1968), several other bacterial pathogens of blue-green 
algae have been found (Stewart & Brown, 1969; Shilo, 1970;
Daft 8r Stewart, 1971). The most frequently isolated bacterial 
pathogens have been identified as non-fruiting Mjrxobacters with 
high G + C ratios which have been discovered in soil, fishponds, 
sewage works and freshwater lakes. Several strains have been 
studied in detail, FP-1 (Shilo, 1970), Myxobacter 44 (Stewart &
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Brown, 1969; 1971) and CP-1 (Daft & Stewart, 1971; 1973). These 
organisms are aflagellate. Gram negative rods which measure 0.4 
to 2.4 X 3.0 to 10.6 yum and have rounded ends. Movement is a 
slow gliding in the direction of the longitudinal axis. Colonies 
are yellow or pinkish due to the production of intracellular 
carotenoids with an absorption maximum between 410 and 500 nm.
All have G + C ratio percentages within the range 65 to 71 and 
do not produce microcysts or other fruiting bodies. These isolates 
are capable of lysing a much wider range of blue-green algae 
than the cyanophages, including members of the genera Anabaena, 
Anacystis, Lyngbya, Nostoc, Oscillatoria, Phormidium, Plectonema, 
and some green algae in the case of Myxobacter 44. These bacteria 
do not lose activity on sub-culture and, unlike the cyanophages, 
can be grown on nutrient media in the absence of the host.
Four strains of fruiting myxobacteria, Myxococcus xanthus,
M. fulvus, Myxococcus sp. and Sorangium sp., have also been 
found to lyse the blue-green alga Nostoc muscorum (Stewart &
Brown, 1971).
Gromov et al. (1972) isolated a bacterial pathogen of blue- 
green algae, which was identified as Flexibacter flexilis (var. 
algavorum), from a pond water sample. This organism is similar 
to the non-fruiting myxobacteria in many ways, but with a G + C 
ratio percentage of 35.9. This bacterium is an aflagellate 
Gram negative rod, up to 200yjim in length, exhibiting a slow 
gliding motion. No microcysts or fruiting bodies were found. It 
produced an intracellular orange pigment, probably the carotenoid 
saproxanthin, and lysed species of Anabaena, Nostoc and Phor­
midium.
Bacteria which bear little similarity to the myxobacteria
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have also been found to lyse blue-green algae, Granhall and 
Berg (1972) described two species of Cellvibrio which antago­
nised Anabaena inequalis, Chlorogloea fritschii, Nodularia 
spumigena, Nostoc punctiforme, N. muscorum and Spirulina pla- 
tensis and produced effects varying from trichome breakage 
and sphaeroplast formation to cell lysis. A Gram negative, 
aerobic, spore-forming bacterium, considered to be an atypical 
Bacillus brevis, was discovered in samples from a sewage oxi­
dation pond by Reim, Shane and Cannon (1974). This isolate 
lysed the blue-green algae Plectonema boryanum, Anabaena flos- 
aquae , Anacystis nidulans, Phormidium foveolarum, Lyngbya 
estuari, Microcystis aeruginosa and Nostoc sp., and several 
bacteria, including other species of Bacillus.
There has been a report of Bdellovibrio bacteriovorus^ , 
obtained from the American Type Culture Collection, lysing 
cultures of Phormidium luridum var. olivacea and an Oscillatoria 
sp*, but not Anacystis nidulans (Burnham, 1973). Bershova et 
al. (1968) isolated a wide range of bacteria including strains 
of Pseudomonas, Pseudobacterium, Chromobacterium, Mycobacterium 
and Bacterium which were antagonistic to the bloom-forming 
algae Microcystis aeruginosa  ̂M. pulverea and Anabaena hassalii. 
However, after prolonged storage some of these bacteria lost 
their antagonistic properties and in some cases began to 
stimulate algal growth.
Protozoa
As early as 1879, certain blue-green algae were found to be 
consumed by amoebae; Oscillatoria by Amoeba radiosa and Am. 
proteus, and Lyngbya by Am. verrucosa (Leidy, 1879). Comandon and 
de Fonbrune (1936) observed ingestion of a "fine, supple"
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blue-green alga by Am. verrucosa and consumption of an Oscil­
latoria by an aquatic amoeba. More recently, Prowse (1968) 
briefly mentioned that an amoeba, possibly Vampyrella sp., 
attacked live algal cells in a bloom of Anabaena flos-aquae 
and appeared to be the main cause of the breakdown of the bloom. 
Whitton (1973b)observed that small amoebae frequently occur in 
the mucilaginous masses of blue-green algae, and in the case of 
the alga Microcystis, the amoebae predated the algal cells. Old 
and Darbyshire (1978) isolated a giant vampyrellid soil amoeba 
which was capable of feeding on several different organisms, 
including the blue-green algae, A. cylindrica, N. muscorum, 
Chlorogloea fritschii and Aphanocapsa sp.. A detailed study of 
the ability of a range of algae to support the growth of four 
amoebae. Am. discoides. Am. radiosa, Hartmanella castellanii 
(synonym of Acanthamoeba castellanii) and Tetramitum rostratus 
(Ho & Alexander, 1974), demonstrated that the blue-green algae 
A. flos-aquae, A. cylindrica, A. inequalis and Anacystis nidulans 
supported proliferation of some of the amoebae. However, a mar­
ked prey selectivity was observed among the amoebae.
There have also been reports of blue-green algae being 
predated by ciliates. Picken (1937) discovered that stationary 
filaments of Oscillatoria were attacked by a Chilodon sp. in 
a stream community. Webb (1956) described the ingestion of 
Oscillatoria filaments by Nassula citrea. Predation of Phormi­
dium by a Nassula sp. was observed by Tucker (1968).
Although the possible importance of protozoan grazing of 
phytoplankton has been recognised by Canter and Lund (1968), 
there have been few studies on the extent to which protozoa may 
control blue-green algal growth in natural environments.
Fungi
The amount Pf detailed information available on fungi which 
lyse blue-green algae is very limited. However, it seems proba­
ble that antagonism by fungi is an important factor in the regu­
lation of algal growth in natural habitats. Almost all the reports 
of fungal lysis of blue-green algae have identified the causative 
organisms as members of the Chytridiales. A detailed summary of 
chytrids which parasitise blue-green algae has been provided by 
Canter (1972). The blue-green algae known to be infected belong 
to the genera Anabaena, Aphanizomenon, Gomphosphaeria, Lyngbya, 
Microcystis and Oscillatoria. In addition. Canter and Willoughby 
(1964) have also discovered a species of Blastocladiella, B. ana- 
baenae, which is a parasite of certain species of Anabaena. 
Detailed study of the physiology of these fungi is complicated 
by the difficulty of culturing them away from their hosts.
There are few accounts of antagonism of blue-green algae by 
filamentous fungi. Safferman and Morris (1962) investigated the 
algicidal properties of several filamentous fungi isolated from 
soil, freshwater and the air and stated that of 142 cultures 
tested, 5 (members of the genera Aspergillus, Gliocladium and 
Pénicillium) formed products which demonstrated specific anta­
gonistic effects on blue-green algae. Parker and Bold (1961) 
isolated a Phormidium sp. and an unidentified basidiomycete from 
the same soil. When cultured together in a soil-water medium, 
the alga was completely,destroyed by the fungus. Except for these 
initial investigations, there is no evidence of antagonistic
relationships between filamentous fungi and blue-green algae 
having been studied any further.
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Mechanisms of Microbial Lysis of Blue-Green Algae 
There are several different mechanisms by which blue-green 
algae are killed by microbial antagonists, all of which usually 
result in lysis of the algae. Different modes of action may 
exist within one group of antagonists. For example, two modes 
of attack have been observed with bacterial pathogens; Myxo- 
bacters CP-1 and FP-1 require contact with the host for lysis 
whereas Cellvibrio, Myxobacter 44 and several other bacteria 
produce diffusible extracellular compounds which lyse the algae. 
This section is therefore organised on the basis of the modes 
of action of antagonists rather than by their identities.
Viral infection
The process of viral infection of blue-green algae has been 
most thoroughly studied using the LPP-1 cyanophages and the host 
alga Plectonema boryanum. The process of viral infection as 
described by Smith, Brown and Valne (1967) begins with the attach­
ment of the virus particles by their tails to the walls of vege­
tative host cells. The viral DNA is injjected into the cell via the 
tail, leaving the empty viral head attached to the cell wall.
The viral DNA multiplies in the cell nucleoplasm and then migrates 
to the thylakoids where helices form. These helices move into 
the virogenic stroma, formed by the displacement of the thylakoids, 
become enclosed in protein coats and develop the typical shape 
of the mature viral particles which are released on lysis of the 
algal cells. Sherman and Haselkorn(1970a,b) conducted further 
studies and found no evidence of viral DNA migration from either 
the nucleoplasm or the thylakoids and proposed instead that 
viral replication occurred solely within the virogenic stroma.
LPP-1 shows a one-step growth curve with a latent period of
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about 7 hours after adsorption onto host cells, followed by a 
steady rise in viral numbers then a 'burst* of usually 100 to 
400 viruses/infected cell. It appears that host cells must be 
photosynthesising for maximum viral replication to take place 
as the viral burst size with the host in the dark is only appro­
ximately 8% of that in the light (Padan, Ginzburg & Shilo, 1970).
Infection of Synechococcus by SM-1 virus differs from LPP-1 
infection of Plectonema in that the viruses develop entirely in 
the nucleoplasm and there is no invagination of the photosynthe­
tic lamellae (Padan et al., 1967). Replication of SM-1 and N-1 
viruses is very sensitive to inhibition of the host's photo­
system II, suggesting that these viruses require products of 
carbon dioxide-fixâtion (Sherman 2e Haselkorn, 1971).
Physical penetration
This method of attack has been reported only with certain 
fungal pathogens of blue-green algae, particularly parasitic 
chytrids. Owing to the difficulties in growing the majority of 
these fungi in the absence of the host algae, most observations 
have been made on natural material. There appear to be two main 
forms of attack which have been most commonly reported. In one, 
the fungal zoospore forms a sporangium in the mucilage surroun­
ding an algal filament. A rhizoidal system develops from this 
sporangium and may either grow along the outside of the algal 
filament, producing structures which penetrate the individual 
algal cells, as in the case of Scherffeliomyces sp. which attacks 
Anabaena (Canter, 1972), or penetrate the algal cells and grow 
through them along the filament, as does Rhizophydium megarrhizum. 
a parasite of Oscillatoria sp. (Canter Se Lund, 1951). Zoospores 
are usually formed within the sporangium and their release
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completes the life-cycle of the chytrid.
In the other form of attack, typified by Rhizosiphon crassum 
parasitism of Anabaena (Canter, 1951), the fungal zoospore 
encysts within the mucilage sheath and produces a fine thread 
which grows towards and penetrates an algal cell. The fungal 
contents pass into the algal protoplast and form a protosporan­
gium. The structure enlarges and develops a tubular rhizoidal 
system which grows through the adjacent vegetative cells. Even­
tually, the fungal protoplasm emerges from the algal filament 
and develops into a sporangium from which zoospores are released.
The number of algal cells which may die as a result of 
infection by a single zoospore varies from one to more than 20, 
depending on the species of the chytrid involved,
Engulfment and digestion
The only micro-organisms known to engulf and subsequently 
lyse blue-green algal cells are certain species of amoebae and 
ciliate protozoa. The mechanisms by which protozoa predate uni­
cellular blue-green algae are the same as those employed when 
feeding on bacteria. There are, however, some changes in the mode 
of action when filamentous blue-green algae are the prey.
Comandon and de Fonbrune (1936) described in detail the inges­
tion of an Oscillatoria sp. by Amoeba verrucosa. When the amoeba 
comes into contact with the middle of an algal filament, it 
adheres^,Ao it and surrounds it along a certain length. Two pseu­
dopodia are formed along the filament in opposite directions and 
the algal trichome is bent until it is folded over upon itself. 
The two pseudopodia fuse and the-amoeba moves along the filament, 
engulfing more algal cells which are drawn into a spiral. Depen­
ding on the length of the trichome, the amoeba will either
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engulf all the algal cells or break off the cells it has already 
engulfed from the rest of the filament. When engulfment is com­
plete, the amoeba becomes immobile and digestion of the algal 
cells commences. As digestion proceeds, the food vacuole contai­
ning the algal cells reduces in size and the amoeba begins to 
move again in search of more food. Finally, the vacuole moves to 
the edge of the amoebal cell and the debris is egested.
When the amoeba locates the terminal cell of an algal trichome 
the process is essentially the same, but the filament is not 
folded over and only the single chain of cells is drawn in.
Predation of blue-green algae by ciliates is similar to that 
described with amoebae. It has been found that Nassula citrea feed 
on Oscillatoria by taking in the filaments through the armed 
cytopharynx; the filaments are gradually coiled in the cytoplasm, 
sometimes deforming the animal temporarily, until digestion breaks 
down the algal structure (Webb, 1956). Picken (1937) also observed 
that ingestion of long filaments of Oscillatoria trichome by 
Chilodon distended the ciliate*s cell wall.
Surface contact
Certain bacterial pathogens, notably Myxobacters FP-1 (Shilo,
1970) and CP-1 (Daft & Stewart, 1971, 1973) require contact between 
the bacterium and the host cell wall for lysis of the algal cell 
to occur. The bacteria move towards photosynthesising algae, possi­
bly attracted by the oxygen being evolved, and attach themselves 
end-on, perpendicular to the algal cell wall, near the cross sep­
tum in filamentous algae. Attachment of a certain number of bacteria 
to one algal cell appears to inhibit the attachment of more 
bacteria to that cell.
The initial stage of lysis appears to be the loss of the L 2
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layer of the cell wall. The L^, L  ̂ and L ̂  layers eventually 
disappear leaving only spherical protoplasts which then rupture, 
releasing the cell contents. All that remains are 'ghosts* of 
the lysed cells, consisting of membrane fragments and lipid 
droplets. Under optimum conditions, lysis can occur within 30 
minutes of bacteria attaching to algal cells.
Heterocysts appear to be more resistant than vegetative 
cells to bacterial attack. It has been observed that after lysis 
of most of the vegetative cells the heterocysts eventually 
degenerate (Daft & Stewart, 1973), but this may be due to their 
detachment from the vegetative cells rather than a direct result 
of bacterial attack.
There are two probable explanations for the contact mechani­
sm of algal lysis by these bacteria. The bacteria may possess 
lytic enzymes bound to the surface of the cell or may release 
lytic enzymes which require the concentration effect produced 
by the close proximity of the bacteria to the host algae in order 
to cause lysis.
Although studied in less detail than FP-1 and CP-1, the Flexi« 
bacter flexilis isolated by Gromov et al. (1972) also appears to 
require direct contact with the host algaT cells for lysis to 
occur.
Production of extracellular compounds
The production of extracellular algicidal materials is pro­
bably the most widespread mechanism of algal lysis among micro­
bial antagonists. Several bacteria, some fungi and all actino- 
mycetes which lyse blue-green algae employ this mode of action.
A wide range of algicidal materials is produced which may be 
divided into two main categories;enzymes and antibiotic-like
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substances*
After a detailed study of Myxobacter 44, Stewart and Brown 
concluded that its ability to lyse blue-green algae was due to 
the production of an extracellular lysozyme-like enzyme. Lysis 
of Cylindrospermum sp# by Streptomyces G7 has also been attri­
buted to the production of lysozyme (Gunnison & Alexander, 1975b). 
The fact that blue-green algae are antagonised by lysozyme- 
producing micro-organisms is to be expected as there have been 
several descriptions of the lytic effects of lysozyme prepara­
tions on various blue-green algae (Crespi, Mandeville & Katz,
1962; Jensen & Sicko, 1971; Lindsey at al., 1971; Fay & Lang,
197l)# These reports conclude that lysozyme removes the peptido- 
glycan L 2  layer of the vegetative cells, producing osmotically 
sensitive sphaeroplasts.
Workers studying other micro-organisms producing extracellular 
materials which lyse blue-green algae have usually described the 
lytic compound as being antibiotic in nature. Safferman and 
Morris (1962, 1963b) attributed the algicidal activity of their 
actinomycete isolates to the production of antibiotics.
The culture fluids of two Cellvibrio strains, studied by 
Granhall and Berg (1972), contained antibiotic substances active 
against blue-green algae. These substances were produced in the 
stationary phase of growth, had a low molecular weight (<10,000 
daltons) and were heat resistant. Their effect on vegetative 
blue-green algal cells was similar to that reported with penici­
llin (Lament, 1969; Fitz-James & Hancock, 1965). They appear to 
inhibit cell wall synthesis, causing the formation of osmotically 
sensitive sphaeroplasts. Heterocysts and akinetes were not 
affected and, as with penicillin treatment, the vegetative algal
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cells resumed normal growth and division on sub-culture in fresh 
medium lacking the antagonist. A similar algicidal substance was 
produced by an atypical Bacillus brevis (Reim et , 1974). This 
compound also had a low molecular weight (<10,000 daltons), was 
heat resistant, was produced in the stationary phase of growth 
and its effects on algal cells were again similar to those pro­
duced by penicillin. Several strains of B. brevis produce Gramici­
din S, a cyclic decapeptide antibiotic which acts upon the cell 
membrane and inhibits the growth of Plectonema boryanum (Reim et 
al., 1974). It is therefore probable that the antialgal substance 
produced by this atypical B. brevis is Gramicidin S or a similar 
antibiotic.
Burnham (1973) stated that lysis of Phormidium luridum and 
Oscillatoria sp. by Bdellovibrio bacteriovorus was caused by an 
antibiotic-like compound released by the bacterium. The activity 
of this compound was not reduced by boiling for 20 minutes and 
its effects on P. luridum were unlike those produced by lysozyme. 
Within 30 minutes of its addition to actively growing cultures 
of Oscillatoria sp., all the algal filaments ceased to move. This 
was followed by a rapid decline in photosynthetic activity and 
after 4 days all the algal cells had lysed. The site of activity 
appears to be the photosynthetic lamellae, there is little cell 
wall damage and the peptidoglycan L g layer is lost only after 
several days treatment. Dilution experiments showed that one Bd. 
bacteriovorus cell produces sufficient extracellular material 
to lyse 75 P. luridum cells.
There is comparatively little information on the lysis of 
blue-green algae by fungal extracellular products. Parker and 
Bold (1961) obtained indirect evidence that lysis of Phormidium
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sp. by an unidentified basidiomycete was due te tko release of 
organic acid by the fungus. Safferman and Morris (1962), after 
testing 142 fungal cultures covering a wide range of genera, 
found only three cultures of Aspergillus, one of Penicillin 
and one of Gleocladium which produced extracellular antialgal 
materials. They concluded that these substances were antibiotics.
Considering the high sensitivity of blue-green algae to 
many antibiotics (Bershova et al., 1968; Kumar, 1964), it is 
surprising that there have been so few reports of algal anta­
gonism by antibiotic-producing fungi and actinomycetes.
Ecology of Algal-Lysing Micro-organisms
Although present in many different environments, blue-green 
algae usually occur in greatest numbers and variety of species 
in slow-moving or static, mesotrophic and eutrophic waters with 
a neutral or alkaline pH. Hence this is the range of environmen­
tal conditions in which pathogens of blue-green most frequently 
have to act to have significant influence and where the greatest 
numbers of them have been found. Algal-lysing micro-organisms 
have been isolated from waste stabilization ponds (Safferman 2e 
Morris, 1963b), lakes (Adolph & Haselkorh,1971), fish ponds (Padan 
et al., 1967), reservoirs (Daft & Stewart, 1971), rivers (Shane,
1971), paddy-fields (Singh, 1973) and soils (Daft, McCord & Stew­
art, 1975). Antagonists have also been isolated from environments 
that are not regarded as algal habitats, for example, the air 
(Vu et al., 1968).
There is usually a close correlation between environmental 
conditions optimal for host algal growth and those that favour 
maximum lytic activity by the antagonists. This correlation is 
closest with the viruses, as befits obligate pathogens. The
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majority of cyanophages have optimum pH ranges between 7 and 11 
and are temperature-stable up to 45^C* There are slight varia­
tions between different viral types, but these variations usually 
correspond to the optimum growth conditions of the particular 
cyanophage's host alga.
Although the correlation is not as close with algal-lysing 
bacteria which are facultative pathogens with wider host ranges 
than the cyanophages, there is a great deal of overlap between 
environmental conditions optimal for algal growth and those 
favouring maximum algal-lysing activity by the bacteria. Daft et 
al. (1975) studied the effects of several environmental factors 
on five strains of algal-lysing Myxobacter. It was found that 
although there is some variation between the isolates, the opti­
mum pH for growth was within the range 7 to 9, which is the same 
optimum range for many blue-green algae. However, the lytic acti­
vity of the bacteria against Nostoc ellipsosporum was at pH 8.4 
whereas the optimum for algal metabolism was 7.6.
The environmental factor to which the bacteria and algae 
showed the greatest difference in response appeared to be pO^ 
(partial pressure of oxygen). Most blue-green algae are inhibi­
ted by high oxygen concentrations whereas all the algal-lysing 
bacteria isolated are obligate aerobes. It is possible that bac­
teria which require contact with the host for lysis, such as 
Myxobacters CP-1 and FP-1, are in an oxygen-rich micro-environ­
ment when attached to oxygen-evolving»photosynthesising algae.
Like the bacteria, the parasitic Chytridiales seem to require 
similar environmental conditions for maximum infection of blue- 
green algae. Paterson (1960) studied the effects of environmental 
factors on parasitism of Anabaena planktonicum by Rhizosiphon
-19-
anabaenagand found that the maximum number of parasites were 
present when the oxygen levels were high, 77 to 85% oxygen 
saturation. He also discovered that the period of maximum per­
centage of parasitism occurred when the pH was within the range 
8.59 to 8.67 and that during this period the pH and carbonate 
alkalinity decreased, indicating an increase in carbon dioxide 
level due to the reduction in numbers of photosynthesising 
organisms. The fungus was tolerant of a wide temperature range. 
During the spring and autumn parasite maxima the temperature 
was 29^C and 21^C respectively.
Little is known of the effect of environmental conditions 
on the predation of algae by protozoa. Ho and Alexander (1974) 
reported that two amoebae (Amoeba discoides and Am* radiosa) 
which predate blue-green algae grew well at pH 8 and that Am. ra ­
diosa proliferated with Anacystis nidulans at this pH level.
They also concluded that 37°C was the optimum temperature for 
Am."radiosa proliferation.
The frequency of occurrence of algal antagonists, particular 
viruses and bacteria in natural habitats has been found to vary 
markedly throughout the year, usually correlating closely with 
algal abundance. Daft et al. (1975) observed that the dramatic 
increase in the abundance of Anabaena circinalis during a bloom 
was quickly followed by an increase in the numbers of lytic 
bacteria, and that the fall in the algal population was rapidly 
followed by a fall in lytic bacteria. In several of the lakes 
they sampled virtually no algal-lysing bacteria were present in 
the water column in winter, although low numbers still remai­
ned at the sediment-water interface. It was suggested that these 
bacteria may provide an inoculum for subsequent development in
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the water column when the phytoplankton reappear. Parallel 
seasonal fluctuations in numbers of host and antagonist have 
also been discovered with cyanophages (Safferman & Morris, 1967; 
Padan & Shilo, 1969).
The abundance of parasitic chytrids parallels the abun­
dance of their hosts, but unlike the viruses and bacteria which 
lyse actively growing algae, it is probable that many chytrids 
only hasten the reduction in numbers of already declining algal 
populations (Canter & Lund, 1951).
The numbers of algal-lysing organisms have been found to 
vary in different parts of the same body of water (Safferman & 
Morris, 1967; Daft et al., 1975). This may be partly due to 
localised concentrations of the host algae. For example, Adolph 
and Haselkorn(1971) isolated cyanophage N-1 only along the 
shore of Lake Mendota where its host alga, Nostoc muscorum, occu­
rred solely round the lake edge.
It is obvious from the similarities in optimum ranges of 
environmental conditions that several different types of micro­
organisms which antagonise the same alga may be present together 
with their host at the same time in a natural environment. Howe­
ver, little is known of the effects of mixed populations of 
antagonists on algal growth or how, if at all, different antago­
nists interact with each other. In addition, it seems probable 
that despite the wide range of algal-lysing micro-organisms 
already reported there are members of other genera antagonistic 
to blue-green algae which are yet to be isolated. Hence, our 
knowledge of the antagonistic microbial interactions within 
natural populations of blue-green algae is still incomplete.
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The Form-Genus Cephalospbrium and Related Genera
Several fungi belonging to genera closely related to Cepha- 
losporium were involved in most of the experimental work descri­
bed in this thesis, particularly those areas concerning lysis of 
blue-green algae by the production of extracellular products, A 
brief description of the form-genus Cephalosporium and related 
genera, with specific reference to the production of cephalospo­
rin antibiotics, is therefore appropriate at this stage.
The genus Cephalosporium was established in 1839 by Corda and 
was based on the type species Cephalosporium acremonium. It is 
characterised by the production of hyaline, globose to ovoid or 
short, cylindrical, non-septate phialospores of variable size. 
These phialospores are abstricted from the tips of phialides 
which arise as short, lateral branches from vegetative hyphae or 
funiculose strands of hyphae. The first-formed spores are pushed 
aside by later spores and all remain cemented together by mucus 
in an easily disruptable slime ball. The perfect stage of a num­
ber of Cephalosporium spp. has been identified, the majority 
being assigned to the genus Emericellopsis (Eurotiales) (Gros* 
klags & Swift, 1957). Among the other genera implicated are 
Allescheiria, Cordyceps, Ceratocystis, Hypocres (Durrell, 1963) 
and Nectria (Booth, 1959).
The Cephalosporia from a polymorphic genus showing a variation 
which at its extreme tends to merge with other established gene­
ra. A complete revision of the genus Cephalosporium and a number 
of related genera was suggested by Gams (1971). As the identity 
of the type species Cephalosporium acremonium was in doubt. Gams 
recommended the use of the older generic name, Acremonium, a 
genus established by Link, taking precedence over Cephalosporium.
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The genus Acremonium has been widely expanded to include the 
majority of the fungi referred to in the literature as Cepha­
losporium and Hyalopus, together with the genera Gliomastix 
and Paecilomyces, and is defined as comprising slow- or medium 
slow-growing species producing one-celled (rarely two-celled) 
phialospores in chains or heads on thin-walled orthophialides 
or basitonously branched conidiophores.
According to Gams (1971), three sections of the genus are 
recognised:
1. Section Simplex sect, nov. The section includes those species 
with slender, unbranched phialides, lacking any wall thicke­
ning. Both the genus and the section are based on the type 
species Acrem. strictum. The section, which contains 27 species, 
approximates to the confines of the genus Cephalosporium as 
recognised by most workers.
2. Section Gliomastix (Guegen) V. Gams comb, nor. The genus
Gliomastix, although merged with Cephalosporium in the genus
Acremonium, is retained as a separate section based on the 
type species Acremonium murorum = Gliomastix chartarum. Twenty- 
six species are recognised, possessing dark or hyaline phialo­
spores, often with hyphae showing thickening.
3. Section Nectroidae sect. nov. The perfect state of Acremonium
was known to be Emericellopsis. However, a number of Nectria 
species also demonstrate a similar conidial state. These, 
together with other conidial species, are united in a section 
of 29 species.
A number of species of Cephalosporium showing thickening of 
the phialides have been transferred to Monocilium. Several other 
Cephalosporia from entomogenous sources are considered by Gams
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to be species of Verticillium and a new section to this genus, 
section Prostrata, has been established to receive them.
The Cephalosporia are largely soil saprophytes, although 
some have been implicated as plant and animal pathogens (see 
Pisano, 1963), and have been isolated from a wide variety of 
soil types, particularly wet and poorly aerated soils (Dickinson 
& Pugh, 1965). Several species show a low level of amylase acti­
vity and protease activity (Pisano, e^ al., 1963), and some spe­
cies produce high levels of xylase and carboxymethyl cellulase.
The major interest in the genus has resulted from the demon­
stration of antibiotic activity of certain species. Brotzu (1948) 
reported that a species of Cephalosporium isolated from the sea 
off Sardinia produced a substance that inhibited the growth of 
Gram positive and Gram negative bacteria. This organism, which 
Gams (1971) considered identical to Cephalosporium chrysogenum 
and renamed as the single species Acremonium chrysogenum, is now 
known to produce three families of antibiotics, cephalosporins 
P, N and C (Burton & Abraham, 1951; Abraham, Newton & Hale, 1954; 
Newton & Abraham, 1955).
In 1952, Roberts isolated the fungus Cephalosporium salmo- 
synnematum that produced an antibiotic, synnematin. Synnematin B 
was subsequently shown to be identified with cephalosporin N 
(Abraham et al., 1955), and in 1957, Grosklags and Swift reported 
that they had observed the perfect stage of Cephalosporium salmo- 
synnematum and they classified this organism as a new species of 
the genus Emericellopsis von Beyma (Em. salmosynnemata) (Grosklags 
& Swift, 1957). A number of species of Emericellopsis were then 
shown to produce cephalosporins N and P (Kavanagh, Turin &
Wild, 1958).
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Cephalosporin P is active only against Gram positive 
bacteria whereas cephalosporins N and C are active against 
a range of both Gram positive and Gram negative bacteria. There 
have been no reports on the effects of the cephalosporin 
antibiotics on blue-green algae.
This study was undertaken with the intention of isolating 
a range of algal-lysing micro-organisms, hopefully including 
bacteria, actinomycetes and fungi, but deliberately exclu­
ding cyanophages, from different habitats in the same locality. 
The modes of action of selected isolates were to be investi­




Algae and Culture Methods 
The algal cultures used in this study (Table 1) were 
obtained from the Culture Centre of Algae and Protozoa, Cam­
bridge, England, except Anabaena flos-aquae (Windermere), 
Anabaena A4 and Plectonema boryanum 594, which were kindly 
provided by Dr M.J. Daft, Department of Biological Sciences, 
University of Dundee, Scotland*
Growth conditions
Batch liquid cultures. Blue-green algae were grown in 100 ml 
Kratz and Myers (1955) mineral medium D plus micro-elements 
solution (K g, M medium, see Appendix p. 158 ) in 250 ml Erlen- 
meyer flasks, except A. cylindrica, 0. tenuis and G. alpicola, 
which were grown in the modified mineral medium of Hughes et 
al. described, by Allen (1968) (AM, Allen's medium, see Appendix 
p..! 157 )* Batch liquid cultures were initiated with 2 ml 
inocula of algal culture suspensions, which had been incubated 
for five days (exponential growth). Liquid cultures (100 ml 
in 250 ml Erlenraeyer flasks) of green algae were grown in a 
Knop's mineral medium (Samejima(& Myers, 1958) (see Appendix 
p. 158 ).
Lawn cultures. The appropriate media for algal lawn cultures 
in Petri dishes were solidified with 1.5% (w/v) purified agar 
(Oxoid) and surface-dried in a plate drying oven (40^C) for 
two hours. The plates were inoculated with 2 ml of algal sus­
pension (from liquid cultures seven days old).,uniformly spread 
by gently rocking the plates, and any excess suspension was 
poured off after 10 minutes standing. Lawn cultures were used 
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Incubation conditions. Unless otherwise stated, blue-green 
algal cultures, both in liquid media and on agar, were incu­
bated at 30^C and continuously illuminated (1,800 lux) by 
warm-white fluorescent light. Similarly, cultures of green 
algae were incubated at room temperature (approximately 22°C) 
and constantly illuminated (2,700 lux) by warm-white fluores­
cent light. Liquid cultures were incubated on an orbital sha­
ker (New Brunswick Scientific Co., London) at 100 rev/min for 
the blue-green algal cultures and 140 rev/min for green algal 
cultures.
Stock algal cultures were maintained by monthly sub-culture 
on agar (1.5% w/v) slants of the appropriate mineral medium 
and kept under standard incubation conditions of tempe­
rature and illumination.
Sampling and Sample Preparation
Triplicate 500 ml samples, taken in sterilised 500 ml flat 
bottles from the top 2 cm of the water column, were collected 
from an artificial lake, an outdoor pond, and a small pond in­
side a tropical glasshouse on the University of Bath campus 
and also from sites at Chew Valley Lake reservoir, Somerset, 
(National Grid Reference ST 570600) (Figure 1). The latter is 
used by the Bristol Water-works Co. as one of the sources of 
water for the nearby conurbation of Bristol. De-stratification 
equipment, creating turbulence in the lake to disrupt the 
thermocline, had been installed at Chew reservoir near the 
take-off point of the Bristol Water-works Co.. Samples from 
Chew reservoir (Figure 1) were taken from (a) the vicinity 
of the de-stratification aeration equipment, (b) the fringe 







Figure 1# Chcw Valley Lake Reservoir, showing the position of 
sampling sites quoted in Table 3«
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Table 2. Sample sites
Site Algal Temperature pH Approximate
abundance *C area
Artificial lake* + 15.0 7.8 2,850 m^
Outdoor pond* c++++ 15.5 8.0 10 m^
Tropical glass­
house pond




Chew reservoir d+++ 16.4 8.3 450 ha
a On the campus. University of Bath;
b Scored on gross appearance and microscopic observation; 
c Green algae predominated;
d Blue-green algae (Anabaena flos-aquae) predominated.
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eastern shore near the point of entry of Hollow Brook and 
(e) the shallow southern bay, frequented by a variety of 
water fowl, where the river Chew enters the lake. Further 
details of sampling sites are given in Table 2.
Soil samples (ca. 10 g), taken from the top 2 cm of earth
at the artificial lake margin, were dispersed in 1 1 of sterile
tap water. A slit-sampler (Casella Ltd., London) was used to 
sample air in the tropical glasshouse, a laboratory and also 
near the outdoor pond. Each sample consisted of 60 1 of air
impinged directly onto the surface of algal lawns in Petri
dishes. All sites were sampled during June 1976 and the mate­
rial collected was used without delay.
Isolation and Maintenance of Lytic Organisms
Blue-green algal-lysing agents in the samples were detec­
ted by their ability to cause the formation of clear zones 
(plaques) on established lawn cultures (24 h) of A. flos-aquae 
(1403/139), 0. tenuis and N. muscorum. Triplicate lawn cul­
tures of each alga were each spread with 1 ml of sample and 
incubated at room temperature (approximately 22°C) constantly 
illuminated (1,800 lux) by warm-white fluorescent light for 
up to 12 days. Plaques were examined microscopically to con­
firm algal destruction and isolates were obtained from them 
by repeated transfer on nutrient agar (Oxoid), plate count 
agar (Oxoid) or K M agar incorporating 2% (w/v) Casitone 
(Difco), incubated at 25*C in the dark. The lytic activity 
of the individual colonies was then tested by re-inoculating 
onto A. flos-aquae lawns and incubating as before.
Selected lytic isolates were maintained, for the duration 
of the project, by fortnightly sub-culture on A. flos-aquae
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lawns incubated at 30°C under constant illumination (1,800 
lux) •
Identification of Lytic Isolates
Fungi
Fungal isolates were identified, with the aid of a key 
(Gams, 1971), according to colony size, pigmentation and 
reverse pigmentation, shape and dimensions of conidiophores, 
conidia and, where applicable, asci and ascospores, after 10 
days incubation at 22*C under constant illumination (1,800 
lux) by warm-white fluorescent light on the following media:- 
malt agar (MA) (see Appendix p., 159 ), potato-dextrose agar 
(see Appendix p* 159 ) and nutrient agar (Oxoid). Assistance 
in the identifications was given by an experienced mycologist, 
the late Mr R.C. Codner, School of Biological Sciences, Uni­
versity of Bath.
Streptomycetes
The streptomycete isolates were identified using a diag­
nostic key (Kuster, 1972) based on the following characters: 
morphology of sporophores and spores, colour of mycelium, 
colour of reverse side of vegetative mycelium, melanin reac­
tion, production of soluble pigment, and utilisation of four 
sugars (arabinose, rhamnose, fructose and inositol). Oatmeal 
agar (see Appendix p, 159 ) was used for morphological and 
colour determinations, peptone-yeast extract-iron agar (see 
Appendix p# 160 ) was used for the melanin reaction and a 
starch-casein agar (Kuster & Williams, 1964) (see Appendix 
p. 160 )  ̂ with the test carbohydrate substituted for the 
starch, for sugar utilisation. All characters were assessed 
after five days incubation under constant illumination (1,800
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lux) by warm-white fluorescent light at 25*C on the appro­
priate media.
Bacteria
Identification of the bacteria was based on the tests 
described below, using the key of Doudoroff and Palleroni 
(1974) and the Flexibacter classification key of Lewin (1969a) 
Unless otherwise stated, all bacterial cultures were incu­
bated at 30*C (for the identification tests).
Test 1. Cell morphology. Cultures were grown in 100 ml of 
nutrient broth (Oxoid) in 250 ml Erlenmeyer flasks without 
shaking for 48 h and the bacterial morphology was studied 
under phase-contrast optics. Samples were also tested for 
Gram reaction (see p. 51) and stained using the method of 
Rhodes (1958) to check for the presence of flagella.
Test 2. G + C %. Mole percentage of guanine + cytosine in the 
deoxyribosenucleic acid. The DNA of bacterial cultures grown 
in 100 ml of nutrient broth in 250 ml Erlenmeyer flasks for 
24 h was isolated and purified using the solvent and precipi­
tation procedure of Meyer and Schleifer (1975). Its base 
composition was estimated from the 245 nm/270 nra absorption 
ratio by the method of Ulitzur (1972). The G + C % of the 
bacterial isolate designated ALB-1 was confirmed by the ther­
mal dénaturation method at Torry Research Station, Aberdeen. 
Test 3. Colony morphology. Cultures were inoculated onto 
nutrient agar plates and colony form and colour noted after 
three days incubation.
Test 4. Motility. Samples from three day old nutrient broth 
cultures were placed on agar films on microscope slides and 
also in wet mounts and observed using phase-contrast optics.
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Test 5. Anaerobic growth. Nutrient agar plates were ino­
culated with bacterial isolates and incubated for seven days 
in 'Gas-Pak* anaerobic jars. Growth of the bacteria under 
these conditions was accepted as evidence of them being fa­
cultative anaerobes.
Test 6. Catalase test. One week old cultures on nutrient 
agar slants were flooded with 10% hydrogen peroxide. Copious 
evolution of bubbles was evidence for catalase activity.
Test 7. Oxidase test. Bacterial growth taken from nutrient 
agar with a platinum loop was smeared onto filter paper which 
had been moistened with 1% aqueous solution of tetramethyl- 
£-phenylenediamine dihydrochloride. A purple colouration is 
produced within 10 seconds by oxidase positive cultures 
(Kovacs, 1956).
Test 8. Mode of glucose utilisation. Two tubes of Hugh and 
Leifson's medium (1953) (see Appendix p. 161 ) were stab- 
inoculated with each bacterial isolate. The surface of the 
medium in one tube was covered with sterile paraffin and the 
tubes were incubated for 14 days. Fermentative organisms 
caused a colour change from blue to yellow in both tubes, 
due to acid production. Oxidative organisms cause a colour 
change in only the open tube.
Test 9. Agar liquefaction. Tubes of Lewin's no. 2 medium 
(Lewin, 1969b) (see Appendix p. 160 ) containing 1% (w/v) 
agar were stab-inoculated, incubated for three days and 
observed for liquefaction.
Test 10. Alginate liquefaction. Tubes of Lewin * s no. 2 me­
dium supplemented with 3% (w/v) potassium alginate were set 
to a sloppy gel after autoclaving and then stab-inoculated.
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Liquefaction observed after seven days was recorded as 
evidence of alginase activity.
Test 11. Gelatin liquefaction. Lewin*s no. 2 medium was 
prepared with 10% (w/v) Difco gelatin and set,after auto­
claving,to a gel. Tubes were stab-inoculated and after 
five days incubation were cooled to 3^C. Failure of the gel 
to re-solidify indicated proteolytic activity of the bac­
teria.
Test 12. Carboxymethyl cellulose (CMC) liquefaction. 3%
(w/v) sodium carboxymethyl cellulose was dissolved in Lewin*s 
no. 2 medium and after autoclaving set to a gel. Tubes were 
stab—inoculated, incubated for seven days and observed. 
Liquefaction was taken as evidence of cellulase activity. 
Amoebae
The amoebae isolated during this work were initially 
identified by Dr P.C. Page, Curator of Protozoa, the Culture 
Centre of Algae and Protozoa, Cambridge. The identification 
was confirmed by the author, with the aid of a key (Page, 
1976), by morphological observations and measurements of 
trophozoites and cysts made with wet mounts and slide cul­
ture preparations, using phase-contrast optics.
Enumeration of Cephalosporium-like Fungi in Aquatic
Samples
Triplicate 1 ml surface water samples from aquatic sam­
pling sites were spread on replicate plates of aureomycin- 
rose bengal agar (Overcast & Weakley, 1969) (see Appendix 
p% 161) and incubated at 24*C for three days. Fungal colonies 
that appeared were examined and those with a similar colony 





Bacteria and green algae were incubated at 25®C, blue- 
green algae were incubated under the standard conditions at 
30*C. Lytic activity was tested by applying duplicate drops 
(0.02 ml) of suspensions of the isolates to established lawn 
cultures of blue-green algae (24 h), green algae (24 h) and 
bacteria (12 h). The suspensions were prepared by washing 
growth from five-day malt agar (fungi), nutrient agar (bacte­
ria and streptomycetes) or peptone-glucose-yeast agar (Chagla 
& Griffiths, 1974) (see Appendix p. 162 ), in the case of 
amoebae, agar slants in 5 ml sterile water. Plaque formation 
was assessed within 12 days with algae, and three days with 
bacterial hosts, the latter being grown on 1/4 strength 
nutrient agar. Several fungal species obtained from the Uni­
versity culture collection and 10 streptomycetes isolated 
from soil on starch-casein agar (Kuster & Williams, 1964)
(see Appendix p. 160 ) were also tested for lytic activity 
on lawns of A. flos-aquae.
Liquid culture
To test for lysis in liquid media, algal cells, harves­
ted from eight-day batch cultures by centrifugation (10,000 x 
^ for 10 min), washed and re-suspended in fresh medium, were 
dispensed (10 ml) in 25 ml Erlenmeyer flasks and inoculated 
with 0.5 ml of aqueous suspensions of antagonists. Controls 
received 0.5 ml of sterile water. After seven days incubation 
under standard conditions, either static or shaken (90 osc/min), 
the extent of algal destruction was determined microscopically
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and by comparison with controls.
Culture supernatants obtained by centrifugation (10,000 
X £ for 10 min) of five-day nutrient or malt broth cultures 
of antagonists were filtered through Millipore membrane fil­
ters with a range of pore diameters CO.l jum, 0.22 /̂ m, 0.45 |̂ m 
and 0.8 jum). These filtrates were tested for lytic activity 
by applying drops (0.02 ml) to A. flos-aquae lawns. Portions 
of filtrate (1 ml) were also mixed with 1 ml of A. flos-aquae 
suspension in compartments of divided Petri dishes (Sterilin). 
These samples were examined for evidence of lysis after 12 
days incubation.
The ability of antagonists to utilise A. flos-aquae extra­
cellular products and dead A. flos-aquae cells was also exami­
ned. Drops (0.02 ml) of antagonist suspensions were applied 
to plates of K & M agar, K ̂  M agar plus algal products (200 
ml double strength K & M agar plus 200 ml of culture fluid 
from harvested seven-day A. flos-aquae batch cultures), and 
K & M agar plus killed algal cells (200 ml double strength 
K & M agar plus 200 ml of autoclaved, 121*C for 15 min, seven- 
day A. flos-aquae batch cultures). Visual assessments of 
antagonist growth were made after five days incubation at 30*C 
Production of Standard Antagonist Inocula 
Bacterial inocula were prepared by washing growth off 
nutrient agar slant cultures, which had been incubated at 30*C 
for three days, with 10 ml of sterile distilled water. The 
optical density (600 nm) of the suspension was adjusted to 
0.1 with sterile distilled water and this suspension used 
as inoculum in subsequent experiments.
Fungal inocula were prepared by applying material from
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fungal plaques on A. flos-aquae lawns onto the surface of 
100 ml malt agar slants in 500 ml flat bottles and incuba­
ting at 30*C for five days. Glass beads (4 mm diameter) and 
20 ml of sterile distilled water were then added, the bottles 
shaken vigorously for two minutes and the resulting fungal 
suspension poured off. This suspension was diluted 10-fold 
with sterile distilled water and used as inoculum in subse­
quent experiments. The amount of fungal material in the ino­
culum was determined by dry weight measurements (dried to 
constant weight at 60^C in a vacuum oven) of several sample 
inocula to check for consistency. Standard inocula of ALF-6, 
-21 and -62 contained between 150 and 200 ̂ g/ral dry weight 
of fungal material.




Wet mounts were prepared by mixing one drop of the anta­
gonist suspension with one drop of the algal suspension, on 
a microscope slide, and viewed under a coverslip.
Slide culture. Two types of slide cultures were used. Thin 
agar plates (8 ml of molten agar in 9 cm diameter Petri dish) 
were seeded with algal suspension, inoculated with antagonist 
cultures and pieces of the agar removed with a sterilised 
scalpel and placed under coverslips on microscope slides. 
Specially fabricated culture slides were also employed. These 
slides were made by fixing four strips of glass (1.3 cm x 
0.2 cm X 0.1 cm) to a microscope slide, with Araldite, to 
form a rectangle enclosing a central well 1.3 cm x 0.9 cm
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and 1 mm deep over which a coverslip was placed. After ste­
rilisation by autoclaving (121^C for 15 min), the coverslip 
was raised and the central well filled with molten K & M 
agar and left to solidify. One drop (0.02 ml) of antagonist 
and one drop (0.02 ml) of host organism suspensions were 
mixed on the K & M agar surface, the coverslip replaced and 
the edges sealed with paraffin wax. This system could be in­
cubated at 30*C for up to five days without desiccating.
All samples were examined at various stages during lysis 
of the host using a Gillett and Sibert microscope fitted 
with phase-contrast optics, or a Leitz Wetzlar Orthoplan 
microscope fitted with phase-contrast optics and with an 
Orthomat-W photomicrographic camera.
Electron microscopy
The samples to be examined were washed in O.IM phosphate 
buffer (pIT 7.0), fixed in gluteraldehyde (3% v/v) and washed 
in buffer again.
Material for scanning electron microscopy was then dried 
by transfer through 5094, 8094 and 10094 ethanol, then trans­
ferred to 10094 acetone and dried in a critical-point drier 
(Polaron, Watford). It was then splutter-coated with gold 
in a Polaron plater and examined in a Stereoscan S4 scanning 
electron microscope (Cambridge Scientific Instruments Ltd.) 
at lOkV.
Material for transmission electron microscopy was treated 
with osmium tetroxide (294 w/v) for one h prior to drying in 
the ethanol series. It was then removed from 10094 ethanol 
and suspended in a minimal amount of agar (294 w/v) which, 
when solidified, was dehydrated in 10094 ethanol. The samples
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were embedded in TAAB resin, sections cut on a Reichert 
OmU3 ultra-microtone and stained with Uranyl acetate solu­
tion for 10 minutes and Reynolds lead citrate solution for 
15 minutes. The stained sections were examined in a Jeol JEM 
lOOCX transmission electron microscope at 80kV.
Storage of Lytic Organisms
Lyophilisation
Agitated (100 rev/min) nutrient broth cultures of anta­
gonist organisms were harvested by centrifugation (10,000 x 
£ for 10 min) after incubation for two days at 30®C, washed 
and re-suspended in a minimal amount of sterile distilled wa­
ter and freeze-dried in a centrifugal freeze drier (Edwards 
High Vacuum Ltd., Sussex).
Storage under liquid nitrogen
Agitated (100 rev/min) nutrient broth cultures of antago­
nist organisms were harvested by centrifugation (10,000 x £ 
for 10 min) after incubation for two days at 30^0, washed 
and re-suspended in 1554 (v/v) aqueous glycerol solution. 
Glass vials containing 1 ml amounts of the suspensions were 
sealed, cooled at l^C per minute to -190°C and then placed 
under liquid nitrogen.
Sub-culture on agar
Antagonist isolates were sub-cultured fortnightly on 
nutrient and malt agar slants, incubated at 30°C.
Storage at 4^0
Nutrient or malt agar slants, in Universal bottles, were 
streaked with antagonist isolates, incubated at 30°C for 
five days and refrigerated at 4°C.
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Fungal Growth in Broth Culture 
Nutrient broth and malt broth (MB) (see Appendix 
p.159) (20 ml in 50 ml Erlenmeyer flasks) were each ino­
culated with 1 ml of standard antagonist fungal inocula, 
prepared as previously described, and incubated at 30°C, 
either statically or agitated (100 rev/min). Sample flasks 
were removed at intervals, the fungal material harvested 
by centrifugation (5,000 x £ for 15 min) and the pH values 
of the supernatants measured. Growth was determined by 
washing the fungal material and drying to constant weight 
at 60^C in a vacuum oven.
Extraction and Measurement of Chlorophyll 
Chlorophyll was extracted from algal cells using the 
method described by Atkins and Tchan (1967). Algal cells 
were harvested from suspension by centrifugation (5,000 x 
£ for 15 min), the supernatant removed and approximately 
0.5 g MgCOg added to minimise pigment degradation. To aid 
extraction, the cells and MgCO^ were ground for 30 seconds 
in the centrifuge tube, using a glass rod. Methanol(3 ml, 
90%, v/v) was added and the mixture stirred. After standing 
in closed tubes for 10 minutes, the cell debris was removed 
by centrifugation (5,TOO x £ for 15 min) and the methanolic 
extract decanted. The cell debris was again extracted as 
above, with 3 ml methanol and the volume of the combined 
extracts made up to 6 ml to replace any loss due to evapo­
ration during centrifugation. An absorption spectrum (Fi­
gure 2) of the extract indicated an absorbance peak at 
665 nm. All subsequent methanolic chlorophyll extracts 
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Figure 2* Absorption npectrum of methanol-extracted chlorophyll 
from A. flos-nnuae.
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tions were calculated according to Tailing and Driver (1963), 
using the formula,
Ca = ®665
Lysis of Algae Under Various Conditions 
The basic system and conditions used in these experi­
ments were as follows: algal cells harvested from five-day 
batch cultures by centrifugation (10,000 x £ for 10 min), 
washed and re-suspended in fresh medium, were dispensed 
(20 ml) in 50 ml Erlenmeyer flasks* These cultures were 
incubated with shaking (100 rev/min), under continuous illu­
mination (1,800 lux) at 30^C for 24 h then inoculated with 
1 ml of standard antagonist inoculum. Controls received 1 ml 
of sterile distilled water. Cultures were incubated under 
standard static or agitated conditions and sample flasks 
removed at intervals. The amount of algal material present 
was estimated by measurement of chlorophyll from when the 
antagonist was added, and the pH values of the culture liquids 
were also measured.
The conditions modified in these experiments were age of 
algal culture, pH of mineral medium, illumination and incu­
bation temperature.
Measurement of Oxygen Evolution 
A. flos-aquae cells were harvested from 50 ml of five-day 
liquid culture by centrifugation, washed and re-suspended in 
200 ml of fresh K & M medium in a glass chamber fitted with 
an oxygen electrode. To the algal suspension was added 10 ml 
of standard fungal inoculum. The vessel was then sealed and 
incubated at room temperature (approximately 22^0 under 
continuous illumination(1,800 lux). Measurements of pO^ were
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taken at intervals, for 24 h, using the oxygen electrode 
connected to a PHM71 Mk 2, acid-base analyser (Radiometer, 
Copenhagen). The controls received 10 ml of sterile dis­
tilled water.
Examination of Culture Fluids for Lytic Activity 
Nutrient broth, malt broth and five-day A. flos-aquae 
suspensions (in K & M medium), dispensed (100 ml) in 250 ml 
Erlenmeyer flasks, were inoculated with 1 ml standard an­
tagonist suspensions ; controls received 1 ml sterile dis­
tilled water. Nutrient and malt broth cultures were incu­
bated under agitated conditions (100 rev/min) at 30°C for 
two,three or four days. A. flos-aquae suspensions were 
incubated under standard static conditions for seven days 
and examined microscopically to check that algal lysis was 
occurring* After incubation, the cellular material was re­
moved by centrifugation (15,000 x £<for 30 min) or membrane 
filtration (0.45 yum pore size, Millipore) and the sterility 
of the culture fluids checked by microscopic observation 
and culture on nutrient and malt agar at 30^C for seven days. 
Sterile culture fluids were concentrated, 10- and 100-fold, 
by evaporation at 40°C in a vacuum oven. The supernatant 
samples were tested for lytic activity by applying 0.1 ml 
to paper assay discs (13 ram diam., Whatman) on A. flos-aquae 
lawnso One ml samples were also mixed with A. flos-aquae 
suspension (1 ml) in compartments of divided Petri dishes 
(Sterilin). Preparations were examined for evidence of 
lysis after seven days standard incubation.
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Activity of Extracellular Products of Antagonists 
Growing on Agar Media 
All agar plates, including algal lawn cultures used in 
the following systems, consisted of 12 ml agar medium per 
9 cm diameter Petri dish.
'Two-culture' system
This system was used in qualitative experiments to dis­
cover which antagonist isolates produced extracellular mater­
ials capable of lysing or inhibiting the growth of various 
test bacteria and blue-green algae. To determine growth 
inhibition of bacteria, sectors of nutrient agar plates were 
inoculated with antagonist suspension and incubated at 30^C 
for two days. Then suspensions of test bacteria were streaked 
perpendicularly up to the visible edge of antagonist growth 
(Figure 3). Plates were incubated at 30°C for three days and 
examined for inhibition of test bacterial growth.
/ antagonist growth on nutrient agar
streaks of test organisms - the 
agar sector on which test organi­
sms were streaked was either nut­
rient agar (bacteria) or K & M 
agar (algae)
Figure 3. Top view of ’two-culture' system.
Inhibition of algal growth was investigated using nutrient 
agar plates inoculated as above. The area of nutrient agar not
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occupied by the antagonist was removed and replaced with 
K 8f M or AM medium. After two days incubation at 30°C, algal 
suspensions were streaked across the K & M medium up to the 
edge of antagonist growth, on the nutrient agar sector, and 
inhibition of algal growth assessed after five days standard 
incubation.
Lysis of established bacterial and algal growths was de­
termined using similar systems with the test bacteria or 
algae streaked on nutrient or K & M agar as appropriate and 
incubated for two days. Then the nutrient agar sectors were 
inoculated with the antagonist suspensions.
'One-culture* system
Sectors of nutrient or malt agar plates were again ino­
culated with antagonist suspensions and, after incubation at 
30®C for four days, agar cores (0.5 cm diameter) were removed, 
using a sterilised cork borer, up to 4 cm beyond the visible 
front of antagonist growth. The presence of diffusible lytic 
materials in the cores was determined by incubating them, 
under standard conditions, on A. flos-aquae lawns (24 h) for 
five days. Clear zones which appeared round cores were mea­
sured and examined microscopically and by culture on nutrient 
agar at 30^0 for seven days to establish the absence of anta­
gonist propagules.
Effect of fungal exudates on amoebae. The effect of culture 
exudates on amoebal antagonists was studied using the method 
described by Heal and Felton (1969). Drops (0.02 ml) of amoe­
bal suspensions, cultured in PGY medium at 30^0 for two days, 
were applied to cores removed from 1 cm (to centre of core) 
in front of three-day antagonist growth on nutrient agar.
—46“
Similar suspensions were also applied to control nutrient 
agar cores removed from uninoculated plates. The cores were 
placed on tapwater agar plates, incubated at 30°C and selec­
ted cores removed daily and examined under the microscope. A 
random selection of 100 amoebae were examined on each core 
and recorded as active, rounded, encysted or disintegrated.
Investigation of Antagonistic Activity of , 
Cephalosporins C and P
Cephalosporins C and P (potassium salts), kindly supplied 
by Dr C.H. 0*Callaghan, Glaxo Ltd., Greenford, Middlesex, 
were tested for inhibition of growth and lysis of test bacte­
ria and blue-green algae by applying drops (0.02 ml) of 
filter-sterilised (0.45 /im) aqueous solutions (10 to 1,000 
/Ag/ml, w/v) to four and 24 h bacterial lawns on 1/4 strength 
nutrient agar, and up to 24 h and three-day A. flos-aquae 
lawns on K & M agar. All agar plates, including lawn plates, 
used in these and subsequent experiments, again comprised 12 
ml agar per 9 cm diameter Petri dish. Treated bacterial lawns 
were incubated at 30°C and A. flos-aquae lawns under standard 
incubation conditions. They were regularly examined for 
evidence of growth inhibition or lysis and any plaques which 
appeared after five days incubation were measured.
Diffusion of cephalosporin C through agar was investigated 
by placing 0.4 ml of filter-sterilised aqueous cephalosporin 
C solution (500 yug/ml, w/v) in 0.5 cm diameter wells cut in 
the agar, the bottoms sealed with drops of molten agar, in the 
centre of nutrient agar plates. The plates were incubated at 
30°C for two days then 0.5 cm diameter agar cores removed at 
distances of up to 4 cm from the central well and placed on
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A. flos-aquae lawns. These were examined, after five days 
standard incubation, for presence of clear zones which were 
measured and checked microscopically for evidence of lysis 
of algal cells. Similar cores were also subjected to heating 
at 80*C for five and 10 minutes and 100°C for five minutes, 
prior to application to A. flos-aquae lawns, to determine the 
heat stability of cephalosporin C in agar.
Extraction and Partial Purification of Cephalosporin C
The method used was similar to that described by Trown 
et al. (1962). Nutrient broth (100 ml in 250 ml Erlenmeyer 
flasks) was inoculated with 1 ml of standard fungal antagonist 
suspension and incubated at 30°C under agitated conditions 
(100 rev/min). After four days, the contents of two flasks 
were combined and the culture adjusted to pH 5.5 with IM 
acetic acid. The mycelium was removed by centrifugation 
(10,000 X £ for 15 min), the supernatant decanted and the 
material washed with 200 ml of distilled water and centri­
fuged again. The combined supernatants and washings were 
brought to pH 2.8 with Dowex 50 (H^ form; X8) resin. The resin 
was removed by centrifugation (10,000 x £ for 15 min) and 
the supernatant kept at 37®C for three hours to convert any 
penicillin N to its penillic acid.
The liquid was then concentrated at 24^C in a vacuum 
oven to about 10 ml. The resulting clear, dark-brown liquid, 
followed by 30 ml water, was passed through a column (1 cm 
diameter x 3.1 cm) of Amberlite IRA-400 resin (acetate form;
100 to 200 mesh), so that Cl and all other inorganic anions 
were adsorbed and any cephalosporin C appeared in the effluent. 
The effluent was freeze-dried to yield a brown powder which
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was dissolved in 2 ml of ammonium acetate buffer (0.2M), 
pH 5.0, prepared as described by Hirs, Moore and Stein
(1952), and applied to a column (1.5 cm diameter x 35 cm) of
Amberlite CG4B resin (100 mesh) in the acetate form and in 
equilibrium with the ammonium acetate buffer. Elution was 
carried out with the same buffer supplied at a constant rate 
by a peristaltic pump (Quickfit ̂  Quantz Ltd., England) and 
4 ml fractions were collected every 10 minutes. Fractions 
were diluted appropriately with buffer and the extinction 
of the resulting solutions was measured at 260 nm (the ultra­
violet absorption spectrum of cephalosporin C, Figure 4, shows
E at 260 nm). max
On the basis of the curve obtained by plotting extinction 
against fraction number, suitable fractions were combined
and freeze-dried to remove most of the buffer. The powder so
produced was dissolved in 2 ml of water and applied to a 
column (1 cm x 5 cm) of Dowex 50 resin (H^ form; X8; 200 to 
400 mesh). When the solution had passed into the column, 
it was quickly washed with water until the total volume of 
the washings was 15 ml. The resin was extruded, broken up in 
water (10 ml) and the mixture titrated with IM NaOH to pH 6.5. 
The resin was filtered off, washed with water, and the combi­
ned filtrate and washings were freeze-dried to yield a crude 
preparation of cephalosporin C (sodium salt). This prepa­
ration was dissolved in 1 ml of water and tested for lytic 
activity by applying 0.1 ml amounts to assay discs on 





Figure 4. Absorption spectrum of standard cephalosporin C 
(potassium salt) dissolved in anmonium-acotatc buffer at a 
concentration of 100 yug/ml.
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Thin Layer Chromatography
Samples (0.2 ml) were run on Kieselgel ^^254+366 60)
chromatography plates (0.4 mm thick) in n-butanol:ethanol: 
water (4:1:5) solvent system. Cephalosporin C was detected by 
viewing the developed plates under ultraviolet light (220 to 
300 nm) where dark quenching-spots were produced.
General Methods
Purity checks
All antagonist and algal cultures were checked for axenicity 
prior to every sub-culture by streaking onto nutrient and malt 
agar. The plates were incubated at 30^0 for at least three 
days to allow any colonies to develop. Cultures were also 
frequently observed microscopically. 
pH values
All pH measurements were taken using a Pye Unicam PW9410 
digital pH meter*
Spectrophotometry
A Unicam SP500 spectrophotometer was used to measure 
the absorbance of samples placed in 1 cm pathlength glass 
or silica cuvettes.
Solutions
Unless otherwise stated, all solutions and suspensions 
were made up using distilled water from a glass still (Fisons). 
Standard glassware washing procedure
All glassware was soaked in Decon 75 solution for 24 h, 
thoroughly rinsed in tap water, then distilled water and 
dried in a glassware drying cabinet prior to use. Glassware 
was sterilised by autoclaving at 121°C for 15 minutes*
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Photography
Photographs were taken on Kodak Varycolour 21 DIN,
ASA 100, with an SLR Nikon camera. Photoflux illumination 
(tungsten bulbs) was used.
Photomicrographs were taken on Kodak High Speed Ekta­
chrome 23 DIN, ASA 160, or Kodak Panatomic X 16 DIN, ASA 32, 
using a Leitz Wetzlar Orthoplan microscope fitted with an 
Orthomat-W photomicrographic camera#
An optical filter (Photax 52 m/n (5) 80B (D-A)) was 
used for both types of photography.
Scanning electron micrographs were taken on Ilford 70 
mm, FP4 film, and transmission electron micrographs on 
Kodak 4489 Transmission Electron Microscope film.
Gram stain
Air-dried smears on microscope slides were heat fixed 
and stained with 196 (w/v) aqueous crystal violet (60 sec), 
Lugol's iodine solution (1 g iodine plus 2 g potassium 
iodide in 100 ml water) (60 sec), decolourised with 50%
(v/v) ethanol (10 sec) and counter-stained with 0.2% (w/v) 




Distribution and Isolation of Algal-Lysing Micro-Organisms
Preliminary examinations of water samples from the out­
door pond and artificial lake on the University of Bath 
campus had yielded several plaques on A. flos-aquae lawns. 
However, microscopic examination revealed that all these 
plaques contained amoebae in addition to other micro­
organisms. As this brief examination had shown the presence 
of algal-lysing agents, which could be detected by the plaque 
formation technique, it was decided to undertake the closer 
study of a larger number of habitats# The results that follow 
are from this more detailed examination.
Algal-lysing agents were detected in all the habitats 
sampled in June 1976 (Table 3). The highest numbers of plaques 
obtained with aquatic samples were from waters where algae, 
either blue-green or green, were abundant (Table 2). Of the 
sites sampled at Chew reservoir, the two nearest the shore 
(d and e) yielded the highest numbers of plaques, and the 
site in the centre of the lake (c), the lowest. As the samples 
were taken at only one time of the year, the summer, there 
is no indication whether the numbers of active lytic agents 
at the sampled sites show seasonal fluctuationL.
A. flos-aquae appeared to be the most susceptible of the 
three screening algae to microbial lysis (Table 3). Iso­
lated lytic micro-organisms which formed plaques on N. mus- 
corum and 0. tenuis also lysed A. flos-aquae, but the converse 
was not always true. As all the lytic isolates obtained were 
able to proliferate on A. flos-aquae, they were subsequently 
maintained on lawns of this alga.
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Table 3. Average numbers of plaques obtained from habitats
sampled
Site No. of plaques/ml original sample 
spread on test algae
A. flos-aquae 0. tenuis N. muscorum
-
Artificial lake 1 1 3
Outdoor pond 7 3 6
Glasshouse pond 5 1 4
Chew reservoir (a) 3 4 1
(b) 4 3 2
(c) 2 2 1
(d) 5 2 5
(e) 5 3 4
Lakeside soil. 8 1 4
suspension
Air
%Glasshouse 1 2 1
Laboratory* 2 2 3
Outdoors* 2 3 3
Totals of means 45 27 37
K per 60 1
Each value is the mean of triplicate samples.
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A total of 1,065 plaques were observed on the initial 
screening lawns and attempts were made to isolate the cau­
sative organisms from 400 of them. The plaques chosen for 
further examination were those which showed the most marked 
clearing and which had not become confluent. Of the plaques 
examined, 70 each yielded an axenic algal-lysing isolate 
capable of growth on nutrient, plate count or K & N plus 
casitone agar. The plaques from which axenic cultures of 
lytic micro-organisms were not isolated may have been formed 
by the antagonistic action of organisms (e.g. viruses) una­
ble to grow on the isolation media or by the combined acti­
vities of more than one type of organism.
Sources and Identities of Lytic Micro-Organisms
According to colony and cell morphology, it appeared that 
the 70 isolates comprised four algal-lysing bacteria, desi­
gnated ALB-1 to -4, four algal-lysing streptomycetes, desi­
gnated ALS-1 to -4, and 62 algal-lysing fungi, designated 
ALF—1 to —62.
The data obtained on the morphological and physiolo­
gical characteristics of the bacterial, streptomycete and 
fungal isolates are summarised in Tables 4,5 and 6 respec­
tively, together with the sources of the isolates and iden­
tifications. The four streptomycete isolates were assigned 
to four different species and. the bacteria to two different
genera, according to the characteristics examined. Two of 
the bacteria, ALB-2 and ALB-3, were considered to be two 
strains of the same species, owing to the similarities in 
their properties. Isolate ALB-1, which is identified with 
Flexibacter flexilis, is similar in many respects to the
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F. flexilis var# algavorum described by Gromov at al* (1972)*
The five species with which the fungal isolates were 
identified, Verticilium lamellicola, Emericellopsis minima,
Em. salmosynnemata, Acremonium charticola and Acrem. kiliense, 
represent three genera which were considered by Gams (1971) 
to be members of, or closely related to, the original Cepha- 
losporium form-genus. Em. salmosynnemata was originally 
classified as Cephalosporium salmosynnemata by Roberts (1952), 
however, upon the discovery of its perfect stage (Grosklags & 
Swift, 1957), this organism was re-classified as a new species 
in the genus Emericellopsis.
Lytic fungi were found in a wide range of habitats inclu­
ding air, lake-side soil and all the aquatic sites except the 
glasshouse pond* The species Em. salmosynnemata and Acrem. 
kiliense were the most frequently isolated fungi and the 
majority of the fungi, 40 in all, were obtained from Chew 
reservoir. Microscopic examination of the initial plaques 
on A. flos-aquae screening lawns revealed that many of those 
from soil and aquatic samples contained amoebae which were 
similar in appearance to those seen during the initial exa­
mination of the artificial lake and outdoor pond waters*
These protozoa, designated ALP-1, were observed to engulf 
algal trichomes and were identified with Acanthamoeba caste- 
llanii, according to Page (1976)* The typical appearance of 
trophozoites and cysts of this amoeba are shown in Plates 
1 and 2*
The number of Cephalosporium-like fungi detected in the 
aquatic environments (Table 7) showed, with the exception 
of the artificial lake, a distinct relation to the number
-59-
Plate 1. Acanthamoeba castellanii trophozoites, X 1,000.
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Plate 2. Acanthamoeba castellanii cyst, X 1,000
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of lytic fungi isolated (Table 6), Algal-lysing streptomy­
cetes were found infrequently whereas bacteria were isola­
ted from four different sources (Table 4). The air yielded 
a lytic bacterium, two V. lamellicola fungal isolates and 
three of the four streptomycete isolates.
Table 7. Average numbers of Cephalosporium-like fungi 
obtained from waters sampled
Sampling site No. of colonies/ml of water
Chew reservoir, site e 39
Artificial lake 13
Outdoor pond 21
Each value is the mean from three separate samples,
Host Ranges of Lytic Isolates 
Most of the host range experiments were done using the 
following selected lytic isolates: ALB-1 (P. flexilis), ALB-3 
(Flexibacter sp.), ALB-4 (Pseudomonas sp.), ALS-1 (Streptomyces 
albovinaceus), ALS-2 (Streptomyces baarnensis), ALS-3 (Strep­
tomyces candidus), ALS-4 (Streptomyces gougeroti), ALF-1 (Ver- 
ticillium lamellicola), ALF-6 (Emericellopsis minima), ALF-21 
(Emericellopsis salmosynnemata), ALF-35 (Acremonium charticola), 
ALF-62 (Acremonium kiliense) and ALP-1 (Acanthamoeba castella- 
Bii).
Lysis of lawn cultures
The fungi, particularly isolates ALF-6, -21, -35 and -62, 
lysed a wider range of blue-green algae than any of the other
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isolates tested and were the only ones, apart from ALP-1, 
to form plaques on lawns of both the unicellular blue-green 
algae. An. nidulans and G.alpicola (Table 8). On lawns of 
certain blue-green algae, notably A. flos-aquae 1403/13a and 
Ao cylindrica, fungal plaques greater than 1 cm in diameter 
appeared within three days from point inocula. These plaques 
extended in two to three weeks to almost clear the 9 cm diameter 
algal lawn growths (Plate 3a, b and c). Destruction of algae 
was accompanied by appreciable fungal growth and the pro­
duction of phialospores in the case of ALF-21 and -62. 0. tenuis 
was relatively resistant to lysis by all the isolates tes­
ted except the fungi ALF-21, -35 and -62* Whereas ALF-21 and 
-62 failed to lyse any of the green algae tested, ALF-1 was 
the only isolate to destroy all four species, although its 
activity was relatively low.
The ALB-1 and ALP-1 isolates, although inactive against 
the green algae, did lyse many of the blue-green algae, ex­
cluding 0. tenuis. The speed of plaque formation was similar 
to that described with the fungal isolates. On the whole, 
the bacterial and streptomycete isolates showed little lytic 
activity against An. nidulans, G. alpicola, 0. tenuis and 
T. tenuis* The greater susceptibility of A. flos-aquae 1403/13a 
to microbial lysis, observed during the first stage of scree­
ning, was confirmed in these host range studies. Owing to 
this sensitivity, A. flos-aquae 1403/13a was the main alga 
used in most of the subsequent experiments on lytic activity. 
None of the isolates produced plaques on lawns of test bac­
teria, Escherichia coir, Mycobacterium phlei, Bacillus sub- 
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Plate 3. Plaques formed on Anabaena flos-aquae lawns from 
point inocula of ALF-62 (Acremonium kiliense) after incubation 
for (a) three days, (b) eight days and (c) 16 days.
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Of the five fungi (Pénicillium chrysogenum, Cephalosporium 
Cl, Cephalosporium diospyri, Fusarium sp. and Verticillium 
sp.) obtained from the University Microbiology Department's 
stock culture collection, only Cephalosporium C 1, which is 
a sub-culture from Brotzu’s original cephalosporin-producing 
strain (Brotzu, 1948), formed plaques when applied to A. flos- 
aquae lawns. The development of these plaques was similar to 
that observed with the Emericellopsis and Acremonium isolates. 
In addition, five of the 10 streptomycetes, isolated from 
natural environments on synthetic media, as different from 
algal lawns, also lysed A* flos-aquae lawn cultures.
Lysis of A. flos-aquae occurred with bacterial and 
streptomycete antagonist filtrates from 0.8 yum pore diameter 
filter membranes and with fungal residues retained by all 
membrane filters but with none of the filtrates from the 
smaller pore size filter membranes (O.l to 0.45 yum). This 
implied that the algal-lysing organisms had minimum dimen­
sions greater than 0.45 yum, thus excluding the possibility 
of cyanophage involvement in algal lysis.
Lysis of liquid cultures
Although the effects of antagonistic isolates on algae 
in static liquid culture (Table 9) were not always consis­
tent with those obtained on lawn cultures, the fungi ALF-21, 
-35 and -62 were again the most active of the isolates tes­
ted, and A. flos-aquae the most susceptible alga. In most 
cases, greater lysis of algae occurred in liquid culture 
under static conditions than with agitation, a notable 
exception being the effect of isolates ALF-21, -35 and -62 
on An. nidulans (Table 9). Microscopic examination revea-
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led that under agitated conditions these fungi produced 
a dense hyphal growth which entrapped and ramified algal 
aggregates and completely destroyed the An. nidulans 
cultures within seven to nine days of inoculation.
In all the following results, the A. flos-aquae and 
P. boryanum cultures referred to are the C.C.A.P. 
strains 1403/13a and 1446/2 respectively.
Growth of antagonists on dead algal cells and extracellular 
materials
Only the fungal isolates grew on unsupplemented K & M 
agar and the amount of growth was so sparse that it was 
detected only by microscopic examination of the agar 
surface. When incubated on K &  M agar supplemented with 
A. flos-aquae culture supernatants, the fungal and strepto­
mycete isolates produced visible colonies of up to 2 cm 
diameter, however, the amount of hyphal material in these 
colonies was very limited. The bacterial isolate ALB-1 
produced very shallow colonies of up to 1 cm diameter that 
contained relatively low numbers of bacteria. The presence 
of heat-killed A. flos-aquae cells, in addition to culture 
supernatants, did not affect the amount of growth of any 
of the isolates.
Relationship Between Plaque-Forming Units and 
Colony-Forming Units
The correlation between numbers of colony-forming units 
(c.-f. u. s) and plaque-forming units (p.-f. u. s) in anta­
gonist bacterial and fungal suspensions was examined using 
standard bacterial (ALB-1) and fungal (ALF-62) inocula. The 
numbers of viable propagules present in the standard inocula
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was determined by spreading o.l ml samples of diluted sus­
pensions on nutrient (ALB-1) and malt (ALF-62) agar plates. 
The numbers of plaques induced by similar dilutions spread 
on A. flos-aquae lawns was also determined. Visible bacterial 
and fungal colonies developed on agar plates after three 
days incubation at 30°C, and plaques appeared on algal lawns 
after seven days standard incubation.
A close correlation was found between the numbers of 
colonies and plaques formed for each dilution (Figure 5a and 
b), suggesting that one bacterial or fungal propagule is 
sufficient to initiate algal lysis. Comparison of the numbers 
of colonies formed revealed that the standard fungal ino­
culum contained approximately eight times the number of 
viable propagules present in the standard bacterial ino­
culum.
Assessment of Lytic Activity of Isolates After Storage
The effects of the different storage methods used on 
viability and lytic activity of selected antagonist iso­
lates were investigated. Lyophilised cultures, which had 
been stored for two weeks in airtight bottles at room tem­
perature, were re-hydrated by dispersing approximately 0.2 
g material of each sample in 10 ml nutrient or malt broth 
at 30*C for 20 minutes. Samples stored under liquid nitro­
gen for six months were allowed to equilibriate at room 
temperature. The vials were broken and the contents placed 
in nutrient or malt broth (100 ml in 250 ml Erlenmeyer 
flasks) and incubated under agitated (100 rev/min) conditions 
at 30^C for three days. These, and the re-hydrated lyophi­
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suspension
Figure 5. Sffect of dilution of (a) bacterial (ALIÎ-1) and (b) 
fungal (ALF-G2) suspensions on:Q, number of colonies formed 
on nutrient or malt agar plates; q , number of plaques formed 
on lavns of .4, flos-aquae, Each value is the mean of tripli­
cate determinations.
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lytic activity by applying 0.1 ml drops of suspensions to 
nutrient or malt agar plates and to A. flos-aquae lawns.
The agar plates were examined for colony formation after 
five days incubation at 30°C and the algal lawns were 
examined, after 10 days standard incubation, for the appea­
rance of plaques which were measured and recorded (Table 10).
Samples were removed, at fortnightly intervals, from 
nutrient and malt agar slant cultures one week after each 
routine sub-culture and from the agar slants stored at 4®C. 
These samples were tested for viability on nutrient or malt 
agar and for lytic activity on A. flos-aquae lawns as pre­
viously (Tables 11 and 12).
Of the four preservation methods used, freezing under 
liquid nitrogen had the least effect on the viability and 
lytic activity of the isolates. ALF-1 was the only isolate 
to lose activity after six months storage (Table 10). Sto­
rage at 4^C had the greatest effect on the antagonists with 
all but ALB-1 losing lytic activity within 10 weeks (Table 
12). However, it seemed probable that the fungal isolates 
lost their lytic activity only upon death.
Except for the effect of storage at 4^C, the fungi ALF-21 
and ALF-62 were little affected by the treatments used.
These fungi were the only isolates to retain their ability 
to lyse A. flos-aquae after six successive sub-cultures on 
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Fungal Growth in Broth Cultures
The three most active and interesting fungi were ALF-21, 
-35 and -62, Of these, ALF-62 (Acrem# kiliense) was selected 
for use in the following experiments as its growth rate and 
lytic activity appeared to be representative of these iso­
lates.
The amount of fungal growth produced by isolate ALF-62 
in malt broth, under static and agitated conditions, was much 
greater than that formed in nutrient broth under similar con­
ditions (Figure 6a and b). The effect of alterations in init­
ial pH of the broth cultures on growth of ALF-62 was also 
examined. Nutrient broth was adjusted from pH 7.3 to 5.9 by 
addition of IM HCl and malt broth from pH 5.4 to 7.1 with IM 
NaOH. Except for an increase in the yield of ALF-62 when 
incubated in malt broth (initial pH 7.1) under static condit­
ions (Figure 6c), these alterations in initial pH values of 
broth cultures had little effect on the growth rate or yield 
of ALF-62 (Figure 6a to d). This implied that the higher 
yield of ALF-62 in malt broth was not due to the lower pH of 
the medium.
The changes in initial pH values did alter the morphology 
of ALF-62. The fungus normally grew as small pellets in malt 
broth and large pellets in nutrient broth; however, when the 
initial pH of the malt broth was raised and that of the 
nutrient broth lowered, ALF-62 grew as large pellets in the 
malt broth and as small pellets in the nutrient broth.
Changes in the pH value of the broth cultures during 
growth of ALF-62 followed set patterns regardless of the ini­
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Figure 6. Growth of ALF-62 in 20 ml volumes of broth media 
under: O, static;#, agitated conditions*
(a) Malt broth initial pH 5.4;
(b) Nutrient broth initial pH 7.3;
(c) Malt broth initial pH adjusted to 7.1 with IM NaOH;
(d) Nutrient broth initial pH adjusted to 5*9 with IM HCl* 
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Figure 7. Changes in ncJ lum pis dur i no; growth of AlJ*’-02 in broth 
media, o T malt broth initial pIT 0,4;®, malt broth initial pH 7.1; 
□  , nutrient broth initial pH 7,3; nutrient broth initial pi!
3*9. Each value is the moan of.triplicate determinations.
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with normal or raised initial pH was accompanied by a drop 
in pH of the medium. Growth in nutrient broth with normal 
or lowered initial pH caused an increase in the pH value.
Effect of Various Experimental Conditions on Lysis 
of Algae by Selected Isolates
The effects of four antagonist isolates (ALB-1, ALP-6,
-21 and -62) on the growth of A. flos-aquae in static and 
agitated liquid culture are given in Figures 8 and 9 res­
pectively. Although the isolates caused a reduction in the 
rate and amount of algal growth, the fungal isolates, par­
ticularly ALF-62, were more effective in static culture. 
However the lytic activity of the bacterial antagonist (ALB-1) 
in agitated culture was only slightly below that in static 
culture. This implied that, unlike several other algal-lysing 
bacteria (Shilo, 1970; Daft & Stewart, 1973), end-on contact 
between bacteria and algal cells may not be necessary for 
algal lysis. Microscopic observations after seven days incu­
bation showed that in all samples inoculated with ALB-1 and 
static samples inoculated with ALF-62 most of the algal cells 
had lysed or were in the process of lysing.
Changes in pH values of culture medium in both static and 
agitated culture (Figures 10 and 11) very closely followed 
the changes in chlorophyll levels. As the algal population 
increased, there was a rapid rise in the pH of the medium. 
Declines in the algal populations due to lysis by the anta­
gonists ALB-1 and ALF-62 were accompanied by similar decreases 
in medium pH values* This correlation between growth and 
lysis of algae and pH of the associated culture liquids was 













Figure 8 . Effect of different antagonists on growth of A. flon- 
a nine in static liquid culture. ̂ , control; Qi ALB-1; AU'^-6 ; 







Figure 9. ’ïffect of different antagonists on growth of A. flo.s- 
aquac in agitated liquid culture. A , control; Q, ALD-l;®, ALF-6 ; 











Figure 10. Changes in medium pll during growth of A. flos-aguae 
in static liquid culture. Ai control; Qt inoculated with ALO-1; 
B , inoculated with AI.F-62. Each value is the mean of triplicate 










Figure 11. Changes in medium pi! during growth of A , f 1 os-afjuae 
In agitated liquid culture,A , control; Qi inoculated with ALI'-l; 
E9 , inoculated with ALF-G2 , iCach value is the mean of triplicate 
determinations.
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tal conditions subsequently used.
Suspensions of A. flos-aquae cells were disrupted by 
sonication to check whether the drop in medium pH was due to 
the release of their cell contents. Five-day batch liquid 
cultures (100 ml) of A. flos-aquae were harvested by cent­
rifugation (10,000 X £ for 10 min), washed and re-suspended 
in 40 ml of fresh K & M medium. These samples were subjected 
to sonic disruption using an MSE 100 watt ultrasonic disin­
tegrator (amplitude set at 8 yim peak to peak). After 20 
minutes sonication, microscope observation showed that all 
vegetative cells and heterocysts were disrupted, however, 
the drop in pH of the suspension was only 0.2. The fall in 
pH value of the culture liquids, which can be as great as 1.5 
during microbial lysis of A. flos-aquae, is therefore only 
partially due to the release of algal cell contents. It seems 
likely that materials released by the antagonists during 
algal lysis are the major cause of the drop in pH.
Figures 12 and 13 show the effect of ALB-1 and ALF-62 
on growth of An. nidulans in static and agitated liquid cul­
ture. Again both antagonists caused a reduction in algal 
growth© The fungal isolate was more effective than ALB-1, 
particularly in agitated culture© Microscopic studies con­
firmed earlier observations that ALF-62 in liquid culture, 
particularly when agitated, entrapped An. nidulans cells 
between hyphal growth and lysed them.
The two combinations of algae and antagonist which were most 
interesting were A. flos-aquae inoculated with ALB-1 and An. 
nidulans inoculated with ALF-62, under agitated conditions. 





Figure 12. Effect of ALB-1 and ALF-62 on growth of An. nidulans
in static liquid culture.A $ control; Q i ALB-1; □, ALF-62. Each











Fifçure 13. Effect of ALB-1 and ALF-62 on growth of An. nidulans
in agitated liquid culture. A , control; O, ALB-1; □, ALF-62.
Each value is the mean of triplicate determinations.
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conditions on algal lysis were done using these two host- 
antagonist combinations.
Age of algal culture
The effect of ALF-62 on static A. flos-aquae and agi­
tated An. nidulans cultures which had been cultivated for 
up to 25 days prior to use as inoculum in the experimental 
system, showed no significant variation from the effect 
produced using standard five-day algal cultures as inoculum. 
That is, the susceptibility of the A. flos-aquae and An. ni­
dulans cultures to lysis by ALF-62 did not vary owing to the 
age of the algal inoculum.
Mineral medium pH
The initial pH of the K & M medium was modified over * 
range of 5.8 to 8.3 with K^HPO^/KH^PO^ buffer system (Gromori, 
1955) and a Na^CO^/Na RCO^ buffer (Delory ^ King, 1945) was 
used to obtain a pH of 9.4. These modifications caused slight 
alterations in mineral composition of the medium which could 
not be avoided, however, it is unlikely that these changes 
had a significant effect on the algae. The effect of pH on 
the growth of An. nidulans, examined by chlorophyll extrac­
tions of nine-day algal cultures (Figure 14), showed that 
An. nidulans failed to grow at pH 5.8. As pH was raised, the 
algal yield increased to the highest obtained in pIT 9.4 
medium. The increase in pH also caused increased lysis of 
An. nidulans by ALF-62 (Figure 15) with the greatest effect 
at pH 9.4. Thus, ALF-62 is most effective at high pH values 
which also favour An.nidulans growth. These results also 
imply that, unlike certain pathogenic chytrids (Paterson, 










Figure 14, Effect of nediuru pf! on yield of An. nidtilans after
nine days incubation in agitated liquid culture. Each value is











Figure 13. I-ysis of An. ni du Ians by ALF-G2 in agitated liquid 
culture at different pi! values, o » pH 9.4; Q ,  pll 8 .3; , p8  7.0.
Algal growth is expressed as a percentage of the chlorophyll 
content of controls. Each value is the mean of duplicate déte­
rminai ions.
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actively growing algal cells.
Darkness
Inoculated and control cultures were incubated in total 
darkness in black plastic bags. The changes in chlorophyll 
levels during incubation in the dark of agitated An. nidulans 
and static A. flos-aquae inoculated with ALF-62 are presen­
ted, together with controls, in Figure 16. Although there was 
a decrease in the chlorophyll levels of the control algal 
cultures, the decrease recorded in those inoculated Tfith 
antagonists was noticeably greater. Microscopic examination 
revealed that in control cultures there was no lysis of the 
algal cells in the dark whereas there was widespread algal 
lysis in the treated cultures. This suggests that ALF-62 is 
able to lyse algal cells which are not actively photosyn- 
thesising.
Temperature
Liquid algal cultures were incubated at 15*C, 20°C,
25°C, 30°C and 35°Co The effect of these incubation tem­
peratures on lysis of A. flos-aquae by ALB-1 under agitated 
conditions is shown in Figure 17 and the effect on lysis 
of An. nidulans by ALF-62 under agitated conditions in Figure 
18. Lysis of A. flos-aquae by ALB-1 increased with tempera­
ture up to 30°C, whereas lysis of An. nidulans was greatest 
at 25*C. At temperatures above these, the lytic effect was 
reduced although the algal yield in An. nidulans controls 
continued to increase with incubation temperature (Figure 19) 
Lysis of algae in both systems occurred at 15^C, however, 
there was a delay of two or three days before a detectable 









Figure 16. Effect of dark incubation on algal populations in 
liquid culture.O » A. flos-aquae, static;* , A. flos-aniine 
inoculated with ALF-612, static; □ , An. nidulans, agitated;
Q  , An. n tdiiIans inoculated with A L F - 6 2 , agitated. Each value 
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Figure 17, Effect of temperature on lysis of A, flns-neuoe by 
ALB-1 in agitated liquid culture,H , 15^C; 0 , 20°C;A, 25°C;
□, 30^C; Oi 35^C. Algal growth is expressed as a percentage of 








Figure 18, Effect of temperature on lysis of An. nidulans by 
ALF-C2 in agitated liquid culture.B , 15°C; 0 , 20^C; A , 25^C;
O  1 ; Oï Algal growth is expressed as a percentage of








Figure 19. Effect of temperature on yield of algae after nine 
dayfl incubation in agitated liquid culture.Oi An. nidulans;
A. flos-nnune. Each value is the mean of triplicate deter­
minations.
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The effect of temperature on the rate of increase in 
size of ALB-1 and ALF-62-induced plaques on A, flos-aquae 
lawn cultures was also investigated. Drops (O.Ol ml) of 
standard antagonists suspensions were applied to A. flos- 
aquae lawns (24 h) and incubated under continuous illu­
mination (1,800 lux) at 15*C, 20°C, 25°C and 30*C. The 
diameters of the plaques formed were recorded at intervals 
and are shown in Figures 20 and 21. At the lowest temperature 
(15*C) there was a delay period before algal lysis could be 
detected, by the formation of a visible plaque. This delay 
was greatest with ALB-1 and the plaques which developed 
were smaller than those produced by ALF-62, however, this 
phenomenon may be partially due to the higher numbers of 
p.-f. u. s in the standard ALF-62 inoculum. It is interesting 
to note the relatively high activity of ALF-62 at 15^C. 
Whereas in liquid culture greater lysis of An.,nidulans by 
ALF-62 occurred at 25°C than at 30°C (Figure 18), maximum 
lytic activity of ALF-62 on lawns of A. flos-aquae was at 
30°C (Figure 21).
Lysis of A. flos-aquae under partly natural conditions
To examine the effect of ALF-62 on A. flos-aquae under 
more natural conditions 4.5 1 of sterilised filtered water, 
taken from the outdoor pond on the University campus, were 
inoculated with 500 ml of A. flos-aquae culture (10 days) 
and placed in polyurethane containers, 50 cm x 25 cm x 20 
cm deep. The containers were inoculated with 300 ml of 
standard ALF-62 inoculum and the controls received 300 ml 
sterile distilled water. The containers were then placed 










Figure 20. Kffect of temperature on plaque formation by ALB-1 
on lawns of A. fln??-aquae« g , IB^C; 20°C ; A, 23°C; □, 30^C.







Figure 21. Effect of temperature on plaque formation by ALF-62 
on lawns of A. f loF:.annae. Q , 15°C; @  , 20°C ; , 25°C ; □  , 5o"c.
Each value is the mean of quadruplicate dcterminations.
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10 ml samples were removed at intervals after mixing of the 
suspensions and the chlorophyll ^ levels determined (Figure 
22), The drop in chlorophyll a levels in the control samples 
over the first seven days may have been due to the relatively 
low average ten^erature (13*C at culture surface) and the 
unusually dull weather which prevailed during this period.
The last four days of the experiment were a period of bright 
sunshine and the surface temperature of the suspensions rose 
to 17^C. During this time the algal population of the control 
increased.
There was a rapid decline in chlorophyll ^ levels in 
A. flos-aquae suspensions treated with ALF-62. After four 
days, the treated algae had become pale yellow-brown in macro­
scopic appearance and had sunk in clumps whereas the control 
suspension was homogeneous and the algae still retained their 
green colour. Microscopic observation revealed that the 
clumps in the treated suspension consisted of algal cells in 
various stages of destruction, enmeshed by fungal hyphae.
The chlorophyll & levels in the treated samples continued to 
decrease during the warm, sunny spell, implying that algal 
proliferation ceased during this otherwise favourable period 
for growth.
Effect of ALF-62 on Oxygen Evolution by A. flos-aquae
The effects of ALF-62 on oxygen evolution by A. flos-aquae 
in liquid culture is shown in Figure 23. In both control and 
the ALF-62-treated suspensions there was a rapid increase in 
pO^ during the first six or seven h. This was followed, in 
the control sample, by a slow decline which appeared to reach 
an equilibrium after approximately 23 h.
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Figure 22, Destruction of A, flos-aquae under partly natural 
conditions.O, control; inoculated with ALF-G2. Each value 















Figure 25, Effect of ALF-62 on oxygen evolution by A. flos-aquae 
in static liquid culture. O , control; o » inoculated with ALF-62. 
Each value is tlie mean of duplicate determinations.
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The suspension treated with ALF-62 showed a more sudden 
and rapid fall in pO^» which after 24 h had declined to 
almost the initial level. This rapid fall in pO^ may be 
attributed to fungal respiration removing oxygen from solu­
tion, and also to destruction of the algae by ALP-62. A thin 
layer of fungal growth was visible on top of the algal cells, 
which had settled on the bottom of the chamber, in ALF-62- 
treated samples after 24 h incubation. The algal cells below 
this fungal layer began to appear yellow aid microscopic 
observations revealed that many of them had been destroyed.
Observations on Modes of Algal Lysis 
Plaque types
There were differences in the appearance of plaques for­
med by different antagonists on lawn cultures of A. flos-aquae.
The plaques formed by Acanthamoeba castellanii were pale 
yellow in colour and had a granular surface appearance.
Extensive hyphal growth was visible in the fungal plaques. 
With ALF-1, this growth was white with a large amount of 
aerial mycelium in the plaques, whereas the other fungi pro­
duced flat, pink, mycelial growth. A distinct narrow peri­
pheral zone of algal destruction extending beyond the visible 
limit of mycelial growth was noted with all the fungal iso­
lates except ALF-1 (i.e. all Emericellopsis and Acremonium 
isolates). Samples from this zone failed to produce fungal 
growth when incubated on nutrient or malt agar at 30^C for 
up to seven days. This suggested that these fungi produce 
diffusible extracellular materials which lyse algal cells.
The width of this peripheral zone increased at lower incu­
bation temperatures (15°C), With ALF-62 plaques of 2.5 cm
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diameter on A# flos-aquae lawns incubated at 15^C, the 
peripheral zone extended to 0.6 cm.
Streptomycete plaques were clear with small, dusty, white 
areas in the centre in which sporulation was occurring and 
no distinct peripheral zone was visible. Plaques produced by 
ALB-1 had a smooth gelatinous appearance, with a faint orange 
colouration and without a peripheral zone of algal destruc­
tion devoid of antagonist growth.
Light microscopy observations
All microscopic observations of algal lysis were made 
using A. flos-aquae as the host alga.
Amoeba. The following account of A. flos-aquae predation by 
the amoeba, Ac. castellanii, is based on sequences seen 
during repeated observations using slide culture chambers.
The amoeba moved to one of the algal filaments near to 
it and became attached to the terminal cell of the filament. 
This attachment often lasted for 10 to 15 minutes, after 
which the amoeba either moved away or more usually began to 
engulf the filament. Cylindrical pseudopodia were extended 
by the amoeba along the filament and the alga was slowly 
drawn into the amoebal cytoplasm (Plate 4a). Occasionally, 
some of the engulfed filament re-emerged from the tip of the 
pseudopodia and complete escape of algal filaments was ob­
served in some cases.
The number of algal cells in a filament engulfed by an 
amoeba could be as many as 15. Such an algal filament would 
be approximately 70yum in length; the average amoebal tropho­
zoite was approximately 20 yum long. That is, amoebae were 
capable of ingesting algal filaments of up to three times
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their own length. As engulfment progressed, the first engu­
lfed algal cell was curved round as it touched the opposite 
interior side of the amoeba (Plate 4b). Coiling of the fila­
ment with temporary deformation of the amoeba was often ob­
served (Plate 4c). A long algal filament was often broken by 
the amoeba. There was probably some preliminary action of 
digestive enzymes "softening" the intercellular connections 
between algal cells on engulfment, and combined wi+a stress 
effects imparted by the amoeba, the algal filament could be 
severed. The time from initiation of engulfment of a fila­
ment to its breakage within an amoeba varied from 15 to 60 
minutes. The portion of the filament not fully engulfed 
escaped from the amoeba two to 10 minutes after breakage.
After completion of engulfment, the amoeba remained re­
latively immobile. Immediately after engulfment, the filament 
did not appear to be contained within a membrane-bound 
vacuole. However, five to 15 minutes later, the filament 
began to break at several points and after a further 15 
minutes most of the cells had lost their linear arrangement 
and were grouped together in one or more spherical lumps.
At this point, clearly defined spherical vacuoles could be 
seen containing the algal cells which were losing their 
green colour and becoming brown-grey (Plate 4d). Complete 
digestion of the algae and egestion of the debris, which 
appeared to consist mainly of cell wall fragments, was 
achieved within two to four h of the commencement of en­
gulfment.
Amoebae began to move again once the algal cells were 
confined within vacuoles and were capable of engulfing
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Plate 4. a. Ingestion of Anabaena flos-aquae filament by 
Acanthamoeba castellanii, X 800.
b. Anabaena flos-aquae filament within Acanthamoeba castellanii, 
X, 800.
c. Coiling of Anabaena flos-aquae filament within Acantha­
moeba castellanii, X 800.
d. Acanthamoeba castellanii containing partly digested Anabaena 
flos-aquae cells within a vacuole, X 800.
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further algal cells while still digesting those engulfed 
earlier. Some amoebae were seen containing more than 25 
A. flos-aquae cells in various stages of digestion.
Fungi. The following observations are restricted to the 
Emericellopsis and Acremonium isolates# The activity of 
ALF-62 (Acrem. kiliense) was typical of these fungi# Micro­
scopic observations across fungal plaques on A. flos-aquae 
cultures, from the outer edge inwards (Plate 5a, b, c and 
d), progressively showed normal algae (Plate 5a) bordering 
onto a region devoid of fungal hyphae in which several _
algal cells within filaments had lysed (Plate 5b)# Closer to 
the centre of a plaque, the fungal mycelial growth was inter­
mingled with the algal cells, most of which were in various 
stages of lysis (Plate 5c). The centre of the plaque consis­
ted of fungal mycelium and conidia with small amounts of deb­
ris from lysed algal cells visible (Plate 5d).
The sequence of algal lysis was observed more clearly 
using mixtures of A. flos-aquae suspension and fungal conidia 
in slide cultures. After two h incubation, many of the fungal 
conidia had begun to germinate. Within six h, approximately 
40% of the conidia had germinated and several algal cells 
which were not in contact with the fungal material began to 
show the first visible signs of lysis. Individual vegetative 
cells, randomly distributed along algal filaments, started 
to lose their green colouration and became brown-grey. The 
distinct outline of these cells also seemed to be lost. After 
18 h, the germinated conidia had produced hyphae of up to 
80 yum in length. Cells within sections of algal trichome were 







Plate 5. Transect across an ALF-62 (Acremonium kiliense) plaque 
on an Anabaena flos-aquae lawn culture, from the outer edge in­
wards.
a. Normal filaments of Anabaena flos-aquae outside the perimeter 
of plaque, X 1,000.
b. Lysis of Anabaena flos-aquae cells at edge of plaque devoid 
of fungal mycelium, X 1,000.
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Plate 5 Continued.
c. Lysis of Anabaena flos-aquae cells in presence of fungal 
mycelium, X 1,000.
d. Centre of plaque showing dense mycelial growth and conidia 
(arrowed), and absence of intact Anabaena flos-aquae cells,
X 1,000.
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distinguished and spaces were beginning to appear between 
adjacent cells (Plate 6a). Algal filaments then began to 
break up (Plate 6b) and after 30 h incubation had lost their 
linear arrangement, green pigmentation and cell definition 
(Plate 6c). The heterocysts did not appear to be damaged at 
this stage, however, as reported in CP-1 antagonism of blue- 
green algae (Daft & Stewart, 1973), the heterocysts eventually 
lost their cell contents and appeared as * ghosts*.
A. flos-aquae cells incubated under the same slide culture 
system were still ’healthy* after 30 h incubation (Plate 6d)© 
Conidia incubated on K & M medium in the absence of algae 
showed approximately 20% germination and after 30 h the hyphae 
produced by these conidia were only 60 to 80 yum in length 
(Plate 6e) compared with hyphal growths of up to 200 yum 
which were produced by conidia incubated in the presence of 
algae (Plate 6c).
In plaques produced by Verticillium lamellicola (ALF-1 
and -2), algal lysis occurred only after the fungal hyphae 
had grown over the surface layer of algal cells. Microscopic 
observation of the process of algal lysis was difficult 
owing to the large amount of fungal growth covering the algal 
cells. However, it appears that algal lysis by ALF-1 is a 
much slower process than with the Emericellopsis or Acremo­
nium isolates and no heterocysts or * ghost* cell structures 
could be seen in the centre of plaques.
Streptomycetes. The plaques produced by streptomycete iso­
lates were similar in many ways to the Emericellopsis and 
Acremonium plaques, except for the absence of a peripheral 








Plate 6. Effect of incubation of Anabaena flos-aquae filaments 
and ALF-62 (Acremonium kiliense) conidia in slide cultures.
a. Algal filaments after 18 h incubation, in presence of 
germinated conidia, showing spaces (arrowed) between adjacent 
cells, X 800.
b. Algal filaments showing breakage after 24 h incubation with 




c. Algal cells after 30 h incubation with fungal conidia, X 800
d. Algal filament after 30 h incubation in absence of fungal 
conidia, X 800.
e. Fungal conidia after 30 h incubation in absence of algae,
X 800.
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mycelial growth and algal cells were in close contact. To­
wards the centre of the plaques, the amount of streptomycete 
growth and the number of lysing algal cells increased, and 
at the centre there remained only debris from lysed algal 
cells and heterocyst * ghost* cells among the streptomycete 
mycelium.
Bacteria. Detailed observations of bacterial antagonism were 
made with only the Flexibacter flexilis (ALB-1) isolate.
Lysis of the algae was confined to the leading edge of bac­
terial growth at the border of the plaque where the bacterial 
cells were closely associated with the algae. There was no 
evidence, from either slide cultures or wet mounts, of per­
pendicular end-on contact between the bacteria and algal cells 
being a necessary requirement for lysis of the algae to 
occur. In several cases, vegetative algal cells which were not 
in direct contact with the bacteria were seen to undergo 
lysis. The centre of the plaques contained large numbers of 
bacteria, algal debris and * ghost* heterocysts (Plate 7). 
Electron microscopy
Scanning electron microscopy studies were made using 
material from the edge of the peripheral zone of ALF-62 
plaques on A. flos-aquae lawns, statically incubated A. flos- 
aquae liquid cultures inoculated with ALF-62 and control 
A. flos-aquae liquid cultures. Material from untreated 
A. flos-aquae lawn cultures and from the peripheral zone of 
plaques on A. flos-aquae lawns was used for transmission 
electron microscopy. All samples had been incubated at 30^C 
for five days prior to the removal of material for electron 
microscopy.
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Plate 7. Algal debris including * ghost’ heterocyst cells 
(arrowed) at centre of ALF-1 (Flexibacter flexilis) plaque 
on Anabaena flos-aquae lawn culture, X 1,000.
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Control A. flos-aquae cells grown in liquid K & M 
medium and on K & M agar appear, under scanning electron 
microscopy (Plate 8a and b), as long, regular filaments 
of smooth-walled cells. The entrapment of such algal 
filaments by ALP-62 hyphal growth in liquid culture is 
shown in Plate 8c. Scanning electron micrographs of algae 
removed from the edge of ALP-62 plaques (Plate 8d and e) 
show fragmentation of the algal filaments, with the cells 
in disarray. The cell walls have a rough appearance, and in 
some cases, are deeply pitted.
The effect of ALP-62 antagonism on A. flos-aquae vege­
tative cells, particularly the cell wall structure, can also 
be seen in transmission electron micrographs (Plate 9a, b 
and c). Normal vegetative cells, as seen under the trans­
mission electron microscope (Plate 9d), have a regular 
appearance, are surrounded by a smooth cell wall and contain 
various cellular inclusions, such as polyhedral bodies (pb) 
and thylakoid membranes (tm). The detailed structure of the 
cell wall is shown in Plate 9e and in the lower part of 
Plate 9c. The four cell wall layers, L^, L^, L^ and L^, 
which are typical of blue-green algae (dost, 1965; Lang, 
1968), can be distinguished.^
As a result of treatment with ALP-62 (Plate 9b) , the 
cell wall lost its definition and the electron dense L^ 
layer could no longer be distinguished. Eventually, the 
cell wall disappeared, leaving spherical algal protoplasts 
containing folds of membrane and surrounded by the plasma- 
lemma (Plate 9a). These protoplasts were very similar to 




Plate 8 0 Scanning electron photomicrographs.
a. Control Anabaena flos-aquae filaments grown in liquid 
K & M culture. Scale is 10 yum.
b. Control Anabaena flos-aquae filaments grown on K 8  M agar. 
Scale is 5 yum.
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Plate 8 continued,
c. Anabaena flos-aquae filaments entangled with ALF-62
(Acremonium kiliense) hyphae,from liquid K & M culture. Scale 
is 5 JÜLÏÏI»
d. Algal cells, showing pitting of cell wall (arrowed), from 
periphery of ALF-62 plaque on Anabaena flos-aquae lawn culture, 
Scale is 5 ̂ m.
-114-
Plate 8 continued.
e. Algal cells from periphery of ALF-62 plaque on Anabaena 
flos-aquae lawn culture. Scale is 5 yam.
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Plate 9. Transmission electron photomicrographs*
a* Partially lysed algal cells, from ALF-62 (Acremonium kiliense) 
plaque on Anabaena flos-aquae lawn culture, appearing as plasma- 
lemma (pl)-bound protoplasts. Scale is 1 yum.
b. Section of partially lysed algal cell, from ALF-62 plaque on 
Anabaena flos-aquae lawn culture, showing loss of definition of 
cell wall* Scale is 0.1 jam,
c. Section of partially lysed algal cell (above), from periphery of 
ALF-62 plaque on Anabaena flos-aquae lawn culture, without cell 
wall, and normal algal cell (below). Scale is 0.1 yum.
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Plate 9 continued.
d. Normal Anabaena flos-aquae filament showing polyhedral bodies 
(pb) and thylakoid membranes (tm). Scale is 1 ymm.
e. Section of normal Anabaena flos-aquae vegetative cell, 
showing L^, L̂ , and cell wall layers. Scale is 0.1 im,
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(Daft 8f Stewart, 1973). Lysis of these protoplasts pro­
duced folds of membranous material and the release of what 
may have been lipid droplets.
Interactions between antagonists
When placed together on the same nutrient or PGY agar 
slide culture, ALB-1 and Ac. castellanii cultures appeared 
to have no direct effect on each other. The amoeba did not 
engulf the bacteria, implying that these bacteria were not 
a suitable prey. Comparisons with control slide cultures, 
containing only amoebae, showed no significant difference 
in the numbers and appearance of the amoebae in the presence 
or absence of the bacteria. This suggested that actively 
growing ALB-1 bacteria do not have direct antagonistic or 
favourable effects on Ac. castellanii.
Both Ac. castellanii and ALB-1 were adversely affected 
by diffusible exudates of the fungal isolates, ALP-21 and 
-62. The differences in numbers of active amoebae present 
on control nutrient agar cores, taken from uninoculated 
plates, and on nutrient agar cores removed from 1 cm in 
front of established fungal growths are given in Table 13. 
Inactive amoebae were those which were encysted, rounded or 
disrupted.
Significantly (PcO.OS, using a ^-test for small samp­
les) , lower numbers of active amoebae were found on the 
cores taken from in front of fungal growth. It appears that 
the fungi produce extracellular materials, which diffuse 
through agar, that are antagonistic to Ac. castellanii. The 
reduction in the magnitude of the difference in active 
amoebal numbers after three and four days incubation was
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caused by encystment of large numbers of amoebae on both 
control and treated cores, probably due to the lack of a 
suitable food source.
Table 13. Influence of fungal exudates on the 
numbers of active Acanthamoeba castellanii
Antagonist No. days incubation
1 3 4
ALF-21 —39 -15 -12
ALF-62 -53 -19 -14
The figures show the difference (+ or -) in numbers of 
active amoebae on nutrient agar cores containing fungal exu­
dates compared with those on control nutrient agar cores. 
Each value is the mean of 10 replicate determinations.
ALB-1 cultures streaked up to the leading edge of esta­
blished ALF-21 and -62 growth on NA plates failed to grow on 
the 1 cm of agar immediately in front of fungal growth. Mic­
roscopic observations and sub-culture of these bacteria on 
fresh NA plates showed that the ALB-1 bacteria were capable 
of growing on untreated media. This is further evidence for 
the production of diffusible extracellular materials by the 
fungi, which it appears are capable of inhibiting the growth 
of ALB-1 in addition to antagonising Ac. castellanii and ly- 
sing blue-green algal cells.
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Antagonistic Activities and Properties of Extracellular
Products of Isolates 
Culture filtrates and supernatants from fungal malt 
and nutrient broth cultures and mixed fungal-A. flos-aquae 
cultures failed to show any antagonistsic activity when 
applied to A. flos-aquae lawns. It was owing to this Jack 
of lytic activity with culture filtrates that the ’two- 
culture* and *jne-culture* systems were used (see Methods 
pp. 44 and 45)*
In the * two-culture* system used, the selected antagonist 
isolates (ALB-1, ALS-1, ALF-1, ALF-6, ALF-21, ALF-35 and 
ALF-62) lysed none of the established test bacteria. However, 
when the bacteria were streaked up to the established anta­
gonist cultures there was no growth of the Gram positive 
bacteria (Streptococcus faecalis, Mycobacterium phlei and 
Bacillus subtilis) within 2 cm of the leading edge of gro­
wth of the Emericellopsis (ALF-6 and -21) and Acremonium 
(ALF-35 and -62) isolates or the Cephalosporium C l  which 
was included for comparison. Microscopic examination and sub­
culture of samples on malt and nutrient agar showed that no 
fungal propagules were present in this zone and that the 
test bacteria were not all lysed and were capable of gro­
wing on untreated media. The growth of the Gram negative 
test bacteria (Escherichia coli and Pseudomonas fluorescens) 
was not affected by any of the isolates in contrast to 
ALB-1.
The results of similar tests to determine the inhibi­
tory and lytic effects of antagonist extracellular products 
on a range of blue-green algae are presented in Table 14*
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The Emericellopsis and Acremonium isolates, together with 
Cephalosporium Cl, were the only cultures to inhibit the 
growth of the blue-green algae, and in most cases also 
lysed established algal growths.
The lack of lytic or inhibitory activity of the ALB-1, 
ALS-1 and ALF-1 isolates suggests that they do not produce 
detectable extracellular antagonistic materials. The rela­
tive susceptibility of the different algae was similar to 
that found by plaque formation in the initial host range 
studies (Table 8) and the effect of ALF-62 on A. flos-aquae 
was particularly marked (Plate 10). Again, no fungal material 
was present in the area devoid of algal growth.
These studies of the activities of extracellular mate­
rials produced by antagonists growing on agar medium, to­
gether with microscopic observations, show that the algal- 
inhibiting and -lysing activity of the Emericellopsis and 
Acremonium isolates is due to their production of diffusible 
extracellular materials. There also appears to be a strong 
similarity between the extracellular activity of these fun­
gal isolates, particularly ALF-62 and the Cephalosporium 
C 1 culture.
The 'one-culture* system, in which agar cores were re­
moved from the proximity of fungal growths, was used to 
study the effect of various conditions on the production 
of the active extracellular substances. As the growth inhi­
bitory and lytic effects of the fungal exudates were greater 
with 24 h algal cultures than with three-day cultures, it 
was decided to determine the activity of the substances in 
agar cores on the basis of their formation of clear zones
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Plate 10. Inhibition of Anabaena flos-aquae growth in front 
of ALF-62 (Acremonium kiliense) culture. The fungal growth 
was established for two days before Anabaena flos-aquae 
culture was streaked perpendicularly to it and photographed 
after five days incubation.
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when incubated on 24 h A. flos-aquae lawn cultures. In all 
of these experiments checks showed that the agar cores used 
were devoid of antagonist growth.
The effect on A. flos-aquae growth of agar cores removed 
at distances of tp to 4 cm from in front of four-day fungal 
growths on sectors of nutrient and malt agar plates (Plate 
11a and b) is shown in Table 15, Microscopic examination of 
clear zones revealed that they contained many lysed algal 
cells. However, samples taken from these zones showed the 
presence of A. flos-aquae material which was capable of 
growing when sub-cultured on untreated K J M agar at 30°C 
under continuous illumination (1,800 lux).
It is evident from these results (Table 15) that diffu­
sion gradients of the active materials were produced in the 
agar medium. The results obtained with ALF-6 differed from 
those with the other two fungi. Activity was shown with 
ALF-21 and -62 only when grown on nutrient agar whereas 
ALF-6 showed activity when grown on both nutrient and, espe­
cially, malt agar. There may be some basic difference bet­
ween ALF-6 and the isolates ALF-21 and -62 either in the 
nature of the active material produced or the biochemical 
processes involved in its production. The lower activity pro­
duced when ALF-6 was grown on nutrient agar may account for 
the relatively low degree of inhibitory and lytic activity 
noticed with the * two-culture* system \vhere this organism 
was grown on nutrient agar. Therefore, unless otherwise 
specified, ALF-6 was grown on malt agar plates for the follo­




Plate llo Effect of five days incubation of test agar cores 
on Anabaena flos-aquae lawn cultures, incubated for three days 
prior to application of cores.
a. Control nutrient agar cores, no algal lysis is evident.
b. Lysis of alga by agar cores removed at 1 cm (1) and 2 cm 
(2) but not 3 cm (3) and 4 cm (4) from in front of four-day 
ALF-21 (Emericellopsis salmosynnemata) growth on sectors
of nutrient agar plates.
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Effect of incubation temperature on production of extrace­
llular lytic materials by selected fungal isolates
The activity of agar cores removed at a distance of 1 
cm in front ALF-6, -21 and -62 growth on nutrient or malt 
agar plates incubated for four days at different tempera­
tures (Table 16) showed that temperature had a significant 
effect on the production of extracellular lytic material by 
the different isolates. None of the fungal isolates tested 
produced detectable activity when incubated at 37^C and 
only ALF-62 showed activity at 10°C. Maximum activity was 
produced by ALF-62 at 25*C, which was also the optimum 
temperature for lysis of An. nidulans by this organism in 
liquid culture (Figure 18), compared with with ALF—6
and -21 (Table 16)-.
Table 16. The effect of incubation temperature of fungi 
on the diameter (cm) of clear zones produced on A. flos- 
aquae lawns by agar cores removed at a distance of 1 cm 






Clear zone diameter (cm)
ALF-6 0 Oo9 1.4 2.6 3.4 0
ALF-21 0 0.8 1.1 2.0 2.5 0
ALF-62 0.7 1.3 2.8 3.8 3.4 0
Clear zone diameters were measured after five days in­
cubation of agar cores on A. flos-aquae lawns. Each value is
the mean of five replicate determinations.
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Effect of medium pH on production of extracellular lytic 
materials by selected fungal isolates
The effect of pH of the agar medium on the production 
of antagonistic materials was examined by raising the pH 
of malt agar to 7.9 and lowering the pH of nutrient agar to 
5.7 (Table 17) using a K^HPO^/KH^PO^ buffer system ( Gromori, 
1955).
Although alteration of the pH had little effect on the 
activity of ALF-21 and -62, it had a pronounced effect on 
ALF-6. Lowering of the nutrient agar pH caused a marked rise 
in the activity of ALF-6 whereas raising of the malt agar 
pH resulted in complete loss of activity. Control cores with 
altered pH values had no effect on A. flos-aquae growth.
These results are further evidence of the difference bet­
ween the algal-lysing activity of isolates ALF-6 and isolates 
ALF-21 and —62.
Heat stability of lytic extracellular products
The heat stability of the lytic substances in agar was 
investigated by removing cores from 1 cm beyond selected 
antagonist growth on nutrient or malt agar, as appropriate, 
incubated at 30°C for four days. These cores were placed in 
sterile test tubes then melted in a water bath and heated to 
80°C for five or 10 minutes and 100°C for five minutes. 
Samples were allowed to re-solidify and were then incubated 
on Ao floS-aquae lawns as before.
The active material present was relatively heat stable 
(Table 18). When heated to 100°C for five minutes there was 
a reduction of approximately 25% in the diameter of the 
cleared areas produced on A. flos-aquae lawns. A reduction
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of the same order was also noted with cores removed from 1 
cm in front of Cephalosporium C 1 cultures, showing further 
similarity between the antagonistic activities of this orga­
nism and the Emericellopsis and Acremonium isolates. Such a 
small reduction in activity when heated discounts the possi­
bility of enzymes, such as lysozyme, being the active sub­
stance present in the fungal extracellular products#
Effect of extracellular products on liquid algal cultures 
Cores, containing extracellular lytic substances, were 
again removed from 1 cm in front of four-day antagonist 
cultures on nutrient or malt agar, as appropriate. These 
cores were placed in A. flos-aquae liquid cultures (20 ml 
in 50 ml Erlenmeyer flasks), in numbers of one to 22 cores 
per flask, and incubated under standard static or agitated 
conditions for 10 days. Algal cells were examined microsco- 
at regular intervals for evidence of lysis.
The addition of the cores caused no detectable lysis of 
the algae. The concentration of the active substance in the 
liquid produced by the addition of even large numbers (22) 
of cores was probably too low to affect the algal cells.
Lytic Activities of Cephalosporins P and C 
Aqueous solutions containing concentrations of cepha­
losporin P (potassium salt) up to 1,000yug/ml failed to 
produce areas of algal clearing when applied to 24 h or 
three-day A. flos-aquae lawns whereas large, clear zones 
(Plate 12a, b and c) were formed within five days of the ap­
plication cf relatively low concentrations of cephalosporin 
C (potassium salt). The diameters of the clear zones increa­
sed in proportion to the concentration of cephalosporin C
-131-
Plate 12# Clear zones produced by application of 0.02 ml 
samples of aqueous cephalosporin C, (a) 10 jug/ml, (b) 50 
yug/ml and (c) 100 yug/ml to 24 h Anabaena flos-aquae lawn 
cultures# Lawns incubated for five days after application of 
samples.
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(Figure 24). The sensitivity of A. flos-aquae to cephalo­
sporin C is remarkably high. The application of 0.2 yig to 
24 h lawn growths inhibited the growth of the alga suffi­
ciently to produce a clearly visible area devoid of algal 
growth. Slightly higher concentrations of cephalosporin C 
were also found to lyse established three-day A. flos-aquae 
growth.
Solutions of neither cephalosporin P or C caused detec­
table lysis of established (24 h) Gram positive or Gram 
negative bacterial cultures. However, concentrations of 100 
yig/ml of both cephalosporins did inhibit the growth of, but 
did not lyse, the Gram positive bacteria (Streptococcus 
faecalis, Bacillus subtilis and Mycobacterium phlei) on 
nutrient agar plates producing clear zones with average dia­
meters of 1.8 cm (cephalosporin C) and 2.3 cm (cephalosporin 
P), when applied to four h cultures. No inhibition of the 
Gram negative bacteria (Escherichia coli and Pseudomonas 
fluorescens) was recorded under similar conditions.
Agar cores removed at increasing distances from central 
wells, containing cephalosporin C solution, in nutrient agar 
plates, showed a decrease in the size of the clear zones 
produced when applied to A. flos-aquae lawns (Table 19).
This demonstrated the production of a diffusion gradient 
in the agar similar to that detected with ALF-6, -21 and 
-62 isolates (Table 15).
The effect of heating on the activity of these cores 
(Table 19) shows a reduction in clear zone size of appro­
ximately 255̂  when heated at 100°C for five minutes. This 
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Figure 24, Plaque formation by aqueous solutions of cephalosporin 
C onOt,^^ h and O t three-day lawns of A. flos-anuae incubated 
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and the active, extracellular substances produced by the_ 
fungal isolates when grown on agar medium#
Microscopic examination of material from the periphery 
of the zones caused by cephalosporin C on A. flos-aquae 
lawns showed similar algal damage to that observed at the 
edge of Emericellopsis and Acremonium plaques# Algal 
filaments were fragmented and vegetative cells had lost 
their green colour and distinct outlines# Scanning electron 
micrographs of algal material from the same region (Plate 
13a and b) show that the algae were no longer arranged in 
chains# The loss of the rounded cell shape and the rough, 
pitted appearance of the vegetative cell walls are similar 
effects to those seen in algal cells from the edge of ALF-62 
plaques (Plate 8d and e)# Transmission electron micrographs 
further confirmed this similarity, showing loss of defini­
tion of the cell wall (Plate 14a) and production of proto­
plasts which lysed leaving folds of membranous material 
(Plate 14b).
Isolation and Identification of Algal-Lysing Fungal
Product
Culture filtrates and supernatants from fungal malt and 
nutrient broth cultures and mixed fungal-A. flos-aquae 
cultures failed to produce quenching-spots, under ultra­
violet light, when run on thin layer chromatography plates# 
Clear zones were produced by 100-fold concentrations of 
culture liquids but similar activity was also found with 
concentrated uninoculated broth. That is, substances are 
present in uninoculated malt and nutrient broth which at 
high concentrations are inhibitory to A. flos-aquae#
-136-
m
Plate 13. a and b. Scanning electron photomicrographs of 
algal cells from periphery of clear zones produced on 
Anabaena flos-a quae lawn culture by application of cephalo* 
sporin C solution. Scale is 1 jum.
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*
Plate 14. Transmission electron photomicrographs.
a. Partially lysed algal cell, from periphery of cephalosporin 
C clear zone on Anabaena flos-aquae lawn culture, showing loss 
of cell wall definition. Scale is 0.1 jum
b. Partially lysed algal cell bound by plasmalemma (pi) (centre) 
and thylakoid membranes (tm) from lysed cell (left), from peri­
phery of cephalosporin C clear zone on Anabaena flos-aquae lawn 
culture. Scale is 1 yum.
—138-
Solutions produced by immersing agar cores, removed at 
a distance of 1 cm in front of four-day ALF-62 growth on 
sectors of nutrient agar plates, in minimal amounts of 
sterile water for 24 h did show a low order of activity when 
placed on 24 h A. flos-aquae lawns. Samples (0.02 ml) from 
such a system, comprising 30 cores in 10 ml of water, formed 
clear zones 1 cm in diameter in A. flos-aquae lawns after 
five days standard incubation. No fungal contamination was 
found in these clear areas. Similar solutions produced using 
cores from uninoculated nutrient agar plates showed no acti­
vity. The active solutions produced faint u.v. quenching— 
spots which co-chromatographed (R̂  0.24) with standard 
cephalosporin C when run on thin layer chromatography plates 
whereas the control solutions did not. This implies that 
small amounts of cephalosporin C had diffused from the agar 
cores into the water. This cephalosporin C can only have 
originated from the ALF-62 growth.
Extraction of cephalosporin C by column chromatography
The final preparation obtained from the C band (Figure 
25), produced by column chromatography of ALF-21 and -62 
nutrient broth culture liquids on Amberlite CG4B resin, 
formed clear zones when applied (O.l ml amounts) to A. flos- 
aquae lawns. The average diameters of these zones, after 
five days incubation, were 2.0 cm with ALF-21 culture li­
quids and 3.5 cm with ALF-62 culture liquids. Microscopic 
examination of material from the edge of these plaques 
showed algal destruction similar to that caused by ALF-6 , 
-21, -35 and -62 isolates and by cephalosporin C. No lytic 
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Figure 25. Absorbance at 2G0 nm of five-fold diluted fractions 
produced by column chromatography, using AmberJite CG4F1 resin, 
of AL7-02 culture fliuds.
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Samples of the active preparations produced u.v# 
quenching-spots, with values of 0#24, when run on thin 
layer chromatography plates. It can therefore be concluded 
that ALF-21 and -62 produced cephalosporin C antibiotic 
when grown in nutrient broth, as for the extraction pro­
cess, and probably also when growing on nutrient agar and 





The average numbers of plaques obtained from aquatic 
samples applied to A. flos-aquae lawns were similar to 
those found by Daft et (1975) for several other fresh­
water sites. However, the majority of the plaques inves­
tigated in the present study were not found to contain 
algal-lysing bacteria. It is probable that many of the 
initial plaques were caused, or contributed to, by fungi 
and amoebae. Therefore, as stated by Daft and Stewart (1971), 
when enumerating algal pathogens in natural samples, unless 
suitable precautions are taken, it cannot be assumed that 
each plaque in an algal lawn is attributable to one type of 
lytic organism. Similarly, although this study and another 
(Daft & Stewart, 1971) show that with dilute suspensions of 
pure lytic isolates plaque numbers do correlate directly 
with numbers of lytic propagules, it does not necessarily 
follow that all plaques formed from natural samples are due 
to the original presence of individual lytic propagules.
The isolation of blue-green algal-lysing Flexibacters, 
particularly F. flexilis, is consistent with the report of 
Gromov et (1972). Algal lysis by Pseudomonas spp. has
also been previously noted (Bershova et al., 1968). Although 
several other workers have reported the isolation of algal- 
lysing Myxobacter spp. from many different aquatic and soil 
habitats (see Stewart & Daft, 1977), none were found in 
this study.
Actinomycetes have often been shown to have anti-algal 
activity (Safferman & Morris, 1962; Rubenchik et al., 1965;
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Bershova et al., 1968; Gunnison & Alexander, 1975b). and 
the isolation of several algal-lysing streptomycetes in 
this investigation is further confirmation of such acti­
vity among these micro-organisms.
The predominance of fungal isolates in this study was 
unexpected and if mycological media had been used at the 
stage of isolating from plaques, it is possible that even 
greater numbers of fungi may have been isolated. Algal- 
inhibiting activity has been found in culture filtrates of 
a small number of fungi isolated on synthetic media (Saffer­
man & Morris, 1962) and Parker and Bold (1961) observed the 
destruction of a Phormidium sp. by an unidentified basidio- 
mycete in a soil medium. There are, however, no previous 
reports of the detection of algal-lysing fungi via plaque- 
forraation techniques, the most documented form of fungal 
antagonism of blue-green algae being parasitism by Chytri- 
diales fungi (see Canter, 1972).
Although unexpected, the presence of Ac. castellanii 
trophozoites actively predating algal cells in many of 
the initial plaques is not unusual, considering previous 
reports of amoebal predation of blue-green algae (Leidy, 
1879;Comandon & de Fonbrune,1936; Whitton,1973b).Certain 
strains of Ac. castellanii are also known to be able to 
utilise some blue-green algae as food sources (Ho & Ale­
xander, 1974).
The isolation of algal-lysing micro-organisms of one 
type or another from all the habitats sampled indicates 
their ubiquity. This was especially so with the fungi which 
were isolated from all the aquatic environments, lake-side
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soil and from one of the air samples. The isolation of three 
lytic streptomycetes and a bacterium from air samples, in 
addition to two fungal isolates, demonstrates that microbial 
pathogens of blue-green algae can be distributed in the air.
At the time of the main sampling, June 1976, the country 
was in the early stages of a state of severe drought. Some 
of the habitats sampled were therefore in an unusual condit­
ion for this time of th^ year. Chew Valley Lake Reservoir 
had been particularly affected. It contained only one third 
of the normal volume of water and large areas of dried lake 
bed were exposed along the shore. Whether these conditions 
affected the numbers and types of algal-lysing organisms 
isolated from the Chew Lake samples was difficult to deter­
mine. However, a further examination in July 1978, when 
Chew Lake was at its normal level, revealed that algal- 
lysing filamentous fungi were present, as were amoebae that 
predated A. flos-aquae.
Aco castellanii, a small amoeba, was a voracious predator 
of A. flos-aquae and appeared to proliferate remarkably well 
on this alga. It also predated other Anabaena spp., P. borya- 
num and the two unicellular blue-green algae. An. nidulans 
and G. alpicola. The suitability,or otherwise,of prey for 
ingestion by Ac. castellanii may depend on a wide variety 
of factors. These include morphological aspects of the prey, 
such as size, shape, filamentous habit or the presence of 
extracellular mucilage. Chemical features affecting inges­
tion may be the production of stimulatory or inhibitory 
exudates from the alga. The use of A. flos-aquae as a food
-144-
source by Ac. castellanii is contrary to the results of 
Heal and Felton (1970), which suggested that small amoebae, 
such as Acanthamoeba, are unable to ingest filamentous blue- 
green algae. Examination of the prey range of Ac. castellanii 
showed no distinct pattern in the morphological or physical 
characteristics of the algae that were predated. ^
The mechanism of ingestion and digestion of A. flos-aquae 
by Ac. castellanii showed many similarities, at certain 
stages, to the descriptions of predation of other algae by 
amoebae, amoeboid-flagellates and ciliates (Leidy, 1879; Co­
mandon & de Fonbrune, 1936; Webb, 1956; Canter & Lund, 1968; 
Canter, 1973).
Blue-green algal cell walls contain peptidoglycan, carbo­
hydrates, amino acids and fatty acids (Frank, Lefort & Martin, 
1962; Drews & Meyer, 1964; Drews & Gollwitzer, 1965; HUcht, 
Martin & Kandler, 1965; Dunn & Wolk, 1970; Weise et al., 1970). 
Mannose has been detected in all blue-green algal cell walls 
so far investigated (Drews, 1973). This may be significant 
as Brown, Bass and Coombs (1975) have demonstrated the pre­
sence of mannose-sensitive carbohydrate binding sites on the 
surface of Ac. castellanii and proposed that attachment of 
particles to these sites facilitates their phagocytosis. The 
attachment of Ac. castellanii to blue-green algae prior to 
their engulfment was noted in this study during the obser­
vation of the mechanism of ingestion.
The cell walls of several blue-green algae are digested 
by lysozyme (Crespi et ^ . , 1962). Gusev, Nikitina and Korz- 
henevskaya (1970) demonstrated a substrate for lysozyme in 
cells of Anabaena and Anacystis. Drozanski (1969a, b; 1972a,b)
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and Rosenthal, Reed and Weisman (1969) have demonstrated the 
presence of enzymes similar to lysozyme in Ac. castellanii. 
Cell extracts were obtained which catalysed the cleavage of 
glycosidic bonds of bacterial cell wall peptidoglycan, and 
the enzyme was identified as N-acetylhexosaminidase. The 
presence of heat-killed substrate did not stimulate produc­
tion of the enzyme, and as it was produced in axenic liquid 
medium, it was assumed that this enzyme is constitutive 
(Drozanski, 1969a). The presence of lytic enzyme systems to­
gether with the mannose binding sites would help to 
explain the ability of Ac. castellanii to rapidly engulf and 
subsequently digest algal cells when presented with them as 
a food source.
The susceptibility of blue-green algae, particularly 
filamentous forms, to lysis by the F. flexilis isolate was 
quite common. The host range was similar to that found by 
Daft and Stewart (1971) with Myxobacter CP-1. The result of 
Fq flexilis attack on A. flos-aquae was also similar. The 
centre of the bacterial plaques contained debris from lysed 
vegetative cells, with isolated heterocysts apparently 
devoid of cell contents. Unlike Myxobacter FP-1 (Shilo, 1970) 
and Fo flexilis var. algavorum (Gromov et al., 1972), the 
F. flexilis (ALB-1) isolate lysed some blue-green algae in 
agitated liquid culture. There was no evidence from micro­
scopic observations that the end-on attachment of bacteria 
to algal cells, seen with some other lytic bacteria (Shilo, 
1970; Daft & Stewart, 1973), was necessary for algal lysis 
to occur. However, lysis of the algae occurred only in the
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presence of live bacteria and no lytic extracellular mate­
rials were detected. Stewart and Daft (1976) have suggested 
that the contact mechanism of some algal-lysing bacteria may 
result in the concentration of enzymes produced at the point 
where they are required. It is possible that the ALB-1 
bacterium produces small quantities of lytic enzymes similar 
to those which may be produced by Myxobacter CP-1 and 
requires close proximity to the host cell to create a suffi­
ciently high concentration of such enzymes to induce lysis.
The apparent absence of an end-on contact mechanism suggests 
that these bacteria are not as specialised as M yxobacters 
CP-1 and FP-1.
Bershova et k'l. (1968) reported that after prolonged storage 
some algal-antagonising bacteria lost this activity. A simi­
lar loss of activity was observed in the present study with 
ALB-1 after successive sub-cultures on nutrient agar, in the 
absence of algae. Bershova at al. (1968) futher stated that 
in some cases their bacteria began to stimulate algal growth, 
whereas no such stimulation was observed with the ALB-1 
cultures. Although freeze-drying of ALB-1 cultures caused 
a complete loss of viability, this isolate could be stored 
under liquid nitrogen and on nutrient agar slants at 4°C 
without impairment of its viability or lytic activity.
The degree of lytic activity shown by the streptomycete 
isolates was rather limited, usually producing relatively 
small plaques on algal lawns. It is interesting that two 
of the streptomycete isolates were able to lyse certain of 
the green algae, since Gunnison and Alexander (1975b) found
-147-
evidence that lysis of the green algae, Chlamvdomonas rein- 
hardtii and Ulothrix fimbrata by a Streptomyces sp* was 
due to the production of cellulases*
The lysis of A. flos-aquae by several streptomycetes 
isolated during this study on synthetic media, as well as by 
those isolated using the plaque formation technique, suggests 
that the ability to inhibit or destroy live algae is relative­
ly common among these soil and aquatic micro-organisms. This 
view is supported by a number of other reports on the anti- 
algal activities of actinomycetes (Safferman & Morris, 1962; 
Safferman & Morris, 1963b; Rubenchik ^  al., 1965; Bershova 
et al., 1968; Gunnison & Alexander, 1975b).
The lack of detectable extracellular activity of the 
streptomycetes isolated in this study is puzzling and con­
trary to the results obtained by Safferman and Morris (1962). 
However, in view of the relatively low lytic activity usually 
shown by these organisms, it is possible that they released 
quantities of lytic materials that were too small to produce 
observable effects in the systems used#
The Emericellopsis and Acremonium fungi, particularly 
isolates ALF-21, -35 and -62, were very efficient lytic 
agents of blue-green algae, active against a wide range of 
these micro-organisms. It is difficult to make direct com­
parisons between the relative efficiencies of these fungi and 
the other isolates as lytic agents of blue-green algae owing 
to the different forms of growth. The fungi did, however, 
destroy a greater number of algal species, displaying less 
specificity than the other isolates.
The fungal isolates, ALF-21, -35 and -62, could be stored
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under liquid nitrogen and freeze-dried without loss of their 
lytic activity# Isolates ALF-21 and -62 also retained lytic 
activity after repeated sub-culture on nutrient agar in the 
absence of host algae, unlike the bacterium, ALB-1# The fungi 
did not act as rapidly as some lytic bacteria, such as Myxo­
bacter CP-1 (Daft & Stewart, 1973), which produced visible 
changes in appearance of Aphanizomenon flos-aquae vegetative 
cells within 30 minutes of inoculation# However, when incut- 
bated with Acrem. kiliense (ALF-62), A. flos-aquae cultures 
showed a reduction in oxygen evolution and loss of the typical 
green colouration of the algal protoplast after six hours.
All the evidence from microscopic observations and the 
use of the 'one- and * two-culture* agar diffusion systems 
showed that antagonistic action of the Emericellopsis and 
Acremonium isolates was due to their production of extra­
cellular materials. These materials diffuse through agar, are 
relatively heat-stable, showing a loss of only approximately 
25% activity when heated at 100°C for five minutes, and are 
effective against a wide range of blue-green algae and Gram 
positive bacteria. The action appears to be on the cell wall 
of vegetative blue-green algal cells, leading to the formation 
of fragile membrane-bound protoplasts.
The possibility that algal lysis caused by Emericellopsis 
and Acremonium fungal isolates was due to the production of 
cephalosporin-type antibiotics was supported by similarities 
to the isolates in the lytic activities of a known cephalo­
sporin-producing fungus, (Cephalosporium C 1) classified as 
Acremonium chrysogenum according to the system of Gams (1971). 
Although pure cephalosporin P, even at high concentrations.
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had no effect on A. flos-aquae, very small quantities of 
cephalosporin C did lyse the alga. Cephalosporin C solutions 
also diffused through agar and showed the same degree of 
heat stability and effects on algal cell walls as seen with 
the fungal exudates. The extraction of lytic substances from 
agar cores containing fungal exudates, which co-chromato- 
graphed on thin layer chromatography with cephalosporin C , 
together with the extraction and partial purification, by 
column chromatography, of cephalosporin C from Em. salmosynn- 
emata and Acrem. kiliense culture liquids confirmed that 
these fungi produced cephalosporin C. There seems little 
doubt that the lytic and inhibitory effects of these fungi 
are due to the production of this antibiotic.
The lysis of blue-green algae by micro-organisms, other 
than streptomycetes, which produce antibiotic-like materials 
has been observed before. Granhall and Berg (1972) reported 
that two Cellvibrio strains produced heat-resistant, anti­
biotic-like substances with low molecular weight that caused 
lysis of Anabaena inaequalis vegetative cells. Reim et al. 
(1974) also attributed the algal-lysing activity of their 
Bacillus brevis isolate to its production of a heat-resistant, 
low molecular weight substance, probably Gramicidin S or a 
similar antibiotic.
Several Emericellopsis spp., including Em. minima and 
Em. salmosynnemata, are known to produce cephalosporin 
antibiotics (Grosklags & Swift, 1957; Kavanagh et al.,
1958). Cephalosporin C is produced by several Emericellopsis 
fungi (Elander, Stauffer & Backus, 1960; Korzybski, Rowszyk- 
Gindifer & Kurylowicz,1967) and by strains of Acremonium
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chrysogenum (Trovrn e^ al. , 1962).
Cephalosporin C is believed to act in the same way as 
other P-lactam antibiotics by interfering with the final 
stage of peptidoglycan biosynthesis, the attachment of 
nascent peptidoglycan to pre-existing peptidoglycan by 
crosslinking between the peptide sidechains. Spratt (1978) 
has summarised the present state of knowledge of the mecha­
nism of action of the g-lactam antibiotic, penicillin, on 
bacteria. Three types of enzyme involved in the final stage 
of peptidoglycan biosynthesis are known to be inhibited by 
penicillin. These enzymes are the transpeptidases, which 
break the terminal peptide bond of the pentapeptide side- 
chain and link the chain to a neighbouring peptide sidechain; 
the carboxypeptidases, which control the level of crosslin­
king by breaking the terminal peptide bond without linking 
peptide sidechains; and the endopeptidases, which cleave 
the peptide bridges formed in the transpeptidation reaction. 
Although a purified enzyme can show all three activities 
in vitro, it is likely that vivo it catalyses only one 
of them. The activity ijn vivo depends on the micro-environ­
mental conditions at the active site of the enzyme. The 
reactions inhibited by a particular g-lactam antibiotic will 
depend on the relative affinities of the enzymes fof* the 
antibiotic. Depending on which enzymes are affected, an 
antibiotic may cause changes in cell morphology, inhibition 
of cell division or a reduction in the peptidoglycan layer. 
Most of these effects eventually lead to a weakening of the 
peptidoglycan layer and the production of sphaeroplasts or 
protoplasts which lyse in normal growth media.
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In blue-green algae, g^-lactam antibiotics, such as 
cephalosporin C, can be expected to act similarly on the 
enzymes involved in the final stage of biosynthesis of pep­
tidoglycan in the layer of the cell wall. As this layer 
is the main rigid structural component of the algal cell 
wall, the action of such antibiotics would presumably cause 
some variation in cell shape, and possibly, the production 
of sphaeroplasts or protoplasts. Such effects were evident 
in electron micrographs of A. flos-aquae cells exposed to 
cephalosporin C solutions and to Acrem. kiliense (ALF-62) 
exudates.
Blue-green algae are known to be very sensitive to 
penicillin, a concentration of 0 . 0 2  yug/ml being sufficient 
to inhibit the growth of An. nidulans (Kumar, 1964). The 
production of clear zones in lawns of A. flos-aquae by the 
application of 0.2 jag amounts of cephalosporin C further adds 
to the sensitivity of blue-green algae to ^-lactam antibiotics
The assumption that the fungal lytic activity is due 
to the production of cephalosporin C could account for the 
lack of activity against heterocysts and green algae. The 
thick, three-layered envelope (Lang & Fay, 1971), surroun­
ding the heterocyst cell wall, may reduce or prevent the 
penetration of cephalosporin C to the L^ layer. As the main 
strengthening component of the cell walls of green algae is 
not peptidoglycan but cellulose, ^-lactam antibiotics would 
have little effect on their cell wall synthesis.
The Emericellopsis and Acremonium isolates probably pro­
duce small quantities of cephalosporin C, which, in order to 
affect blue-green algae, have to be concentrated by close
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proximity between the fungus and algal cells. Such an arran­
gement has been observed in the fungal-ramified algal balls 
produced in agitated liquid culture. Cephalosporin C may also 
be concentrated to effective levels when the fungi are grown 
on agar due to the slow diffusion of the antibiotic in agar. 
Several blue-green algae, including Anabaena spp., produce 
sheaths and slime layers, mainly composed of polysaccharides 
which may be of similar composition to agar. It could be 
argued that cephalosporin C produced by fungi in contact with 
the sheath or slime layer is concentrated to antagonistic 
levels by diffusion in this layer, as in agar, so preventing 
its dilution in an aqueous system.
Variations were noticed in the production of extracellular 
lytic substances between different fungal isolates. For 
example, Acrem. kiliense produced lytic exudates in signifi­
cantly higher quantities and at lower temperatures than 
Em. salmosynnemata. Em. minima differed from all other fungal 
isolates in its ability to produce lytic materials when 
grown on both nutrient and malt agars and in its response to 
changes in the pH of these media. However, these differences 
are not unusual, variations have been foung in the produc­
tion of cephalosporin C between different strains of Em. ter- 
ricola var. glabra (Elander e^ al., 1960).
The formation of the algal-lysing substance on nutrient 
media in the absence of algae implies that algal lysis is 
an incidental activity of the fungi. However, there is evi­
dence from microscopic observations that the ability to lyse 
algae is advantageous to the fungi, which as a result, can 
grow and sporulate in the absence of other nutrient sources.
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Verticillium lamellicola differed from the other fungal 
species isolated in the type of plaque formed on blue-green 
algal lawns and in its consistent activity against green 
algae. This fungus appeared to have a different mode of lytic 
action. Some Verticillium spp. are known to possess cellulase 
enzyme systems (Talboys, 1958; Whitney, Chapman Heale, 1969) 
and it is possible that the lysis of green algae by the 
Verticillium isolates (ALF-1 and -2) is due to the production 
of such enzymes.
Although maximum algal lysis by both F. flexilis and 
Acrem. kiliense occurred at incubation temperatures of 25 to 
30°C, both isolates still lysed algae, at reduced rates, when 
incubated at 15^0. Acrem. kiliense was also found to produce 
the algal-lysing agent at 10°C. The increase in width of the 
peripheral lytic zone of this fungus when incubated on 
A, flos-aquae lawns at 15^0 suggests that production of the 
extracellular substance is reduced to a lesser extent than 
fungal growth at these temperatures.
Incubation in the dark did not cause a particularly mar­
ked reduction in algal lysis by Acrem. kiliense, such as has 
been reported with LPP-1 cyanophage (Padan et al., 1970).
This suggests that the fungal lytic agent does not act on 
any of the stages of algal photosynthesis. Also, the age of 
the host algae did not have a significant effect on lysis by 
the fungus. Unfortunately, only algal cultures up to 25 
days old could be used, as cultures grown for more than 30 
days showed signs of natural degeneration.
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Algal growth increased with pH, as did the rate of 
algal lysis by Acrem. kiliense. However, variations in the 
pH of malt and nutrient broths and agars caused little change 
in Acrem. kiliense growth or production of lytic agent. 
Therefore, the increase in lysis at higher pH values was 
probably due to an increase in the susceptibility of the 
algae.
The results suggest that in natural freshwater systems 
fungal lysis of blue-green algae would be greatest in rela­
tively still, warm waters with alkaline pH values. As such 
conditions are also favourable for the growth of a large 
number of blue-green algal species, it is possible that the 
fungi play a part in the natural regulation of algal growth 
in this situation. The relatively rapid and complete destru­
ction of A. flos-aquae by Acrem. kiliense under partly 
natural conditions further supports this possibility. It had 
been the intention to test lytic isolates against natural 
blooms. This was to have been done in 1978, in conjunction 
with the Bristol Water-works Company, however, no suitable 
blooms occurred during this summer.
The pronounced sensitivity of A. flos-aquae to micro­
bial lysis, which has also been noted by other workers 
(Gunnison & Alexander, 1975a; Stewart & Daft, 1977), and the 
abundance of a strain of this species at the time of sam­
pling in Chew reservoir, which provided a large proportion 
of the lytic fungi, also suggests that the parallel dis­
tribution of lytic fungi and susceptible algae in this 
natural habitat could be linked with an antagonistic
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ecological role of the fungi.
Emericellopsis and Acremonium fungi are commonly found 
in soil (Grosklags Swift, 1957; Dickinson & Pugh, 1965) as 
are Acanthamoeba spp. (Page, 1976). It is tempting, in view 
of the lytic activity shown by these organisms, to consider 
that they may influence the distribution and numbers of blue- 
green algae in the upper layers of soil habitats. It is possi« 
ble that drainage water from surrounding soil and erosion 
of lake margin soil may provide a continuous inoculum of 
these algal-lysing micro-organisms to freshwater ecosystems.
Interactions between the antagonists have shown that, 
under the conditions used, F. flexilis and Ac. castellanii 
have no appreciable effect on one another. In contrast,
Em. salmosynnemata and Acrem. kiliense were found to have a 
pronounced amensalistic effect on both the amoeba and the 
bacterium, even though F. flexilis has a negative Gram 
reaction. Should similar relationships exist between the 
organisms in the event of them all being present in a blue- 
green algal bloom, the fungi may benefit by the suppression 
of these competing algal-lysing micro-organisms.
It is not foreseen that the application of cephalosporin 
C would be used to destroy blue-green algal blooms. The dan­
gers of accidentally selecting for antibiotic resistant 
strains of micro-organisms in natural environments and the 
high cost of producing this antibiotic preclude its use. 
Direct application of fungal material, possibly in the form 
of freeze-dried conidial preparations, has its merits as a 
method of controlling bloom-forming algae. The fungi are
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strongly active against many species of blue-green algae, 
even under agitation in some cases, are easily maintained 
and grown on inexpensive artificial media, are readily avai­
lable from natural sources, easy to monitor and may remain 
as a viable spore inoculum after destruction of the algae* 
However, as the lytic action of these fungi is due to the 
production of cephalosporin C, their possible usefulness 
has to be regarded with caution*
It is recognised that most of the experimental results 
recorded in this study were obtained under artificial in 
vitro conditions. Mixed populations involving only two types 
of micro-organism, both of which were usually from axenic 
cultures,were studied under controlled environmental condi­
tions. It is very difficult to interpret the results of 
laboratory studies in terms of the 'field situation*. 
Therefore, caution must be used when extrapolating from si­
tuations ^  vitro, in a laboratory, to iji situ relationships 
in soil and aquatic ecosystems#
Stewart and Daft (1977) indicated that viruses, bacteria 
and Chytridiales fungi are not the only micro-oragnisms 
which affect blue-green algae. This study has further 
widened the range of known antagonists of blue-green algae 
and, hopefully, has added to the information on inter­






Unless otherwise stated, all chemicals used in the media 
were AnalaR grade.




0 . 0 2 0 6
CaCl2 0.027 g
Na2Si0g.9H20 0.058 g
EDTA 0 . 0 0 1 g
Citric acid 0.006 g
Ferric citrate 0.006 g
Distilled water 999 ml
Ag micro-elements solution 1 ml
The medium was solidified, 








ZnS0^.7H20 0 . 2 2 2 g
MoOg (85%) 0.0177g
CuS0^.5H20 0.079 g
Distilled water 1 , 0 0 0 ml
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2. Kratz and Myers medium D (K & M) (Kratz & Myers, 1955) 
MgSO^.TH^O 0.15 g
KgHPO^ 1 . 0  g
NaNOg 1 . 0  g
Ca (N0 ^ > 2  0.01 g
Fe^ (S0 ^)j.6 H2 0  0.003 g
EDTA 0.05 g
Distilled water 999 ml
micro-elements solution 1 ml
The medium was solidified, if required, by the incor­
poration of 1.5% (w/v) purified agar.




M0 O3 0.71 g
CuS0^.5H20 1.57 g
Co (N0 3 )2 .6 H2 0 0.49 g
Distilled water 1 , 0 0 0 ml





Fe^ (5 0 4 ) 3 0.004 g
Distilled water 999 ml
Ag micro-elements solution 1 ml
(see
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The medium was solidified, if required, by the incor­
poration of 1.5% (w/v) purified agar.
pH 6.0, sterilised at 121°C for 10 minutes.
4. Malt Broth (MB)
Malt extract 30 g
Mycological peptone 5 g
Distilled water 1,000 ml
The medium was solidified to produce Malt Agar (MA) by
the incorporation of 1.5% (w/v) agar.
pH 5.4, sterilised at 121*C for 15 minutes.
5. Oatmeal agar
Rolled oats 65 g
Distilled water 1,000 ml
The oats were added to the water, heated at 70^C for 
1 h, filtered through muslin and the filtrate solidified 
with 1.5% (w/v) agar and sterilised at 115^0 for 30 minutes
6 . Potato-dextrose agar
Potato, infusion from 200 g
Bacto-dextrose 2 0  g
Agar 15 g
Distilled water 1,000 ml




Ferric ammonium citrate 0.5 g
K2 HPO4 1 . 0 g
Na^SOj 0.08 g
Yeast extract 1 . 0 g
Agar 15.0 g
Distilled water 1 , 0 0 0 ml
pH 6.7, sterilised at 121°C for 15 minutes.
Starch-casein agar (Kuster & Williams, 1964)
Starch (or test sugar) 2 0 . 0 g
Casein (vitamin-free) 0.3 g
KNO3 2 . 0 g
NaCl 2 . 0 g
K^HPO^ 2 . 0 g
MgS04o7&20 0.05 g
CaCOg 0 . 0 2 g
FeS0^.7H20 0 . 0 1 g
Agar 2 0 . 0 g
Distilled water 1 , 0 0 0 ml
pH 6.2, sterilised at 121°C for 15 minutes.
Lewin’s medium no. 2 (Lewin, 1969b)
MgS0^o7H20 0 . 1 g
KNO3 0 . 1 g
CaClg.HgO 0 . 1 g
Na glycerophosphate 0 . 1 g
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Tris buffer (Sigma) 1.0 g
Thiamine 1.0 g
Cobalamin 1.0 g
Casamino acids (Difco) 1.0 g
Glucose 1*0 g
Hg trace elements solution 1 ml
(see p.150 )
Distilled water 1,000 ml
pH 7.5, sterilised at 121°C for 15 minutes. The glucose 
was added aseptically after autoclaving.





Bromothymol blue, 1% aqueous solution 0.3 ml
Distilled water 1,000 ml
pH 7.1, sterilised at 121°C for 15 minutes. A sterilised 
1 0% (w/v) glucose solution was added to the autoclaved me­
dium to give a final concentration of 1%.
lie Aureomycin-rose bengal agar (Overcast & Weakley, 1969) 




Aureomyc in 2 0  /ig/ml
Rose bengal 20 p̂ g/ml
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Agar 20.0 g
Distilled water 1,000 ml
pH adjusted to 3.5 with 10% (w/v) tartaric acid solu­
tion and sterilised at 121°C for 15 minutes.
12. Peptone-glucose-yeast extract medium (PGY) (Chagla & Gri­
ffiths, 1974) 
Proteose peptone 7.5 g
Yeast extract 7.5 g
Glucose 15.0 g
Distilled water 1,000 ml
The medium was solidified, if required, by the incor­
poration of 1.5% (w/v) purified agar.
pH 6.8, sterilised at 121^C for 15 minutes.
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Of 70 pure microbial cultures isolated from aquatic habitats, soil, and air 
according to the ability to lyse live blue-green algae, 62 were fungi representing 
the genera Acremonium, Emericellopsis, and Verticillium. Algal-lysing fungi 
were isolated from all habitat types sampled. The remaining isolates comprised 
four bacteria and four streptomycetes. All isolates lysed Anabaena flos-aquae 
and, in most cases, several other filamentous and unicellular blue-green algae. 
The fungi generally showed greater activity than most other isolates towards a 
wider range of susceptible algae, including green algae in some cases. Acremonium 
and Emericellopsis isolates, but not Verticillium, also inhibited the growth of 
blue-green algae and gram-positive bacteria, but did not lyse the latter. Lysis of 
blue-green algae by Acremonium and Emericellopsis spp. was associated with 
the formation of diffusible heat-stable extracellular factors which, evidence sug­
gests, could be cephalosporin antibiotic(s). Blue-green algae were also lysed by 
pure cephalosporin C. The frequent isolation of lytic fungi from algal habitats 
suggests a possible natural algal-destroying role for such ftingi, which might be 
exploitable for algal bloom control.
Microbial pathogens that lyse blue-green al­
gae have been isolated from different habitats in 
several countries (30). The isolates include bac­
teria from various aquatic environments (7, 27, 
29), soil (2,6), and the air (B. Wu, M. K. Hamdy, 
and H. B. Howe, Jr., Bacteriol. Proc., p. 48, 
1968); viruses from aquatic sites (5, 25) and 
paddy fields (28); actinomycetes from soil and 
water (2, 23, 24), and Chytridiales fungi from 
water (4).
Despite earlier indications (22, 24) of the an­
tagonistic activity of fungi, other than chytrids, 
towards blue-green algae, investigation of this 
aspect of algal destruction has apparently not 
been pursued. The opportunity for such inves­
tigations arose when, during studies of the dis­
tribution of microbial pathogens of blue-green 
algae in different habitats in the same locality, 
we obtained numerous lytic fungal isolates. This 
paper reports on the isolation, identification, and 
activity of these novel ubiquitous agents, which 
are capable of destroying a range of live blue- 
green algae, including bloom-formers, and pro­
vides evidence for fungal production of diffusible 
extracellular lytic agents.
MATERIALS AND METHODS
Algae and culture methods. The following axenic 
algal cultures, obtained from the Culture Center of 
Algae and Protozoa, Cambridge, England, were used; 
(i) filamentous blue-green species Anabaena flos- 
aquae 1403/13a, Anabaena cylindrica 1403/2a, Nos­
toc muscorum 1453/12, Oscillatoria tenuis 1459/4,
Tolypothrix tenuis 1482/3a, and Plectonema bor­
yanum 1446/2; (ii) unicellular blue-green species An­
acystis nidulans (Synechococcus leopoliensis) 1405/1 
and Gloeocapsa alpicola 1430/1; and (iii) coccoid 
green algae Chlorella simplex 211/llj, Chlorella vul­
garis 211/llb, Chlorococcum hypnosporum 213/6, 
and Coelastrum microporum 217/la.
Batch liquid cultures (100 ml in 250-ml Erlenmeyer 
flasks) of blue-green algae were grown in mineral 
medium D plus Hg micro-elements solution (K & M 
medium) of Kratz and Myers (17), except A. cylin­
drica, O. tenuis, and G. alpicola, which were grown in 
the modified medium of Hughes et al. described by 
Allen (1). Cultures were incubated at 30“C on an 
orbital shaker (90 rpm) and continuously illuminated 
(1,800 lux) by warm-white fluorescent light. Green 
algae were grown at room temperature in 100 ml of 
mineral medium (26) in 250-ml Erlenmeyer flasks on 
an orbital shaker (140 rpm) constantly illuminated 
(2,700 lux) by warm-white fluorescent light. For algal 
lawn cultures in petri dishes, the same media (incor­
porating 1.5% agar [wt/vol]) were uniformly inocu­
lated with 1 ml from batch cultures and incubated 
under the same temperature and light regimes. These 
conditions were also used for maintenance of culures 
on agar slants.
Sampling and sample preparation. Triplicate 
500-ml samples of surface water were collected from 
an artificial lake, an outdoor pond, and a tropical 
glasshouse pond on the University of Bath campus 
and from five sites at nearby Chew Valley Lake Res­
ervoir, Somerset (National Grid Reference ST 
570600). Further details are given in Table 1. Air was 
sampled in the tropical glasshouse, a laboratory, and 
near the outdoor pond by impinging 60 liters directly 
onto algal lawns in petri dishes by using a slit-sampler
962
V ol. 35,1978 FUNGAL LYSIS OF BLUE-GREEN ALGAE 963




Artificial lake 4- 15.0 7.8
Lake margin soil 4- 14.0 7.9
Outdoor pond ++++& 15.5 8.0
Tropical glasshouse pond 4-4-4-4-* 19.0 8.7
Chew reservoir 4-4-4-‘ 16.4 8.3
“ Scored on gross appearance and microscopic ob­
servation.
'' Green algae predominated.
Blue-green algae (A. flos-aquae) predominated.
(Casella Ltd., London). Surface (2-cm depth) soil sam­
ples (10 g) from the margin of the artificial lake were 
dispersed by shaking in 1 liter of sterile tap water. The 
samples were collected in June 1976 and used without 
delay.
Detection, isolation, and maintenance of lytic 
organisms. Algal-lysing agents in the samples were 
detected by plaque formation (6) using established 
lawn cultures (24 h) of A. flos-aquae, O. tenuis, and 
N. muscorum, each spread with 1 ml of each sample 
and then incubated at room temperature (approxi­
mately 22°C) under illumination (1,800 lux). Plaques 
began to appear after 3 days, and microscopic exami­
nation of them confirmed algal destruction. Isolates 
were obtained from plaques by repeated transfer on 
the following media, incubated at 25 °C: nutrient agar 
(Oxoid), plate count agar (Oxoid), or K & M agar plus 
2% (wt/vol) Casitone (Difco). Individual colonies were 
tested for lytic activity on A. flos-aquae lawns as 
before, and active isolates were maintained by fort­
nightly subculture on this alga at 30°C.
Identification o f lytic isolates. Fungi were iden­
tified with the aid of a key (9) according to colony size 
and pigmentation, shape, and dimensions of conidio- 
phores, conidia, and, where applicable, asci and asco- 
spores, when grown on malt, potato dextrose, and 
nutrient agars. Streptomycetes were identified using 
a key (18), and bacteria were recognized on morpho­
logical and biochemical characters (8, 19).
Enumeration o f CephalospoHum-Ulie fungi in 
aquatic samples. Triplicate 1-ml samples were 
spread on rose bengal-chlortetracycline agar (21), and 
the Cephalosporium-hke colonies were counted after 
incubation at 24°C for 3 days.
Host range, inhibition, and lysis studies. Stan­
dard incubation conditions for these experiments were 
30°C and 1,800 lux for blue-green algae, 25°C and 
2,700 lux for green algae, and 25°C for bacteria. Lytic 
activity was tested by applying duplicate drops (0.02 
ml) of aqueous suspensions of the isolates, washed 
from agar slant cultures, to established lawn cultures 
of blue-green algae, green algae, and bacteria. Plaque 
formation was assessed within 12 days with algae and 
3 days with bacterial hosts, the latter being grown on 
1/4 strength nutrient agar. To test for lysis in liquid 
media, algal cells harvested from 8-day batch cultures, 
washed and resuspended in fresh medium, were dis­
pensed (10 ml) in 25-ml Erlenmeyer flasks and inocu­
lated with 0.5 ml of an aqueous suspension of each 
antagonist. Controls received 0.5 ml of sterile water.
After incubation for 7 days, either static or shaken (90 
oscillations per min), the extent of algal destruction 
was determined microscopically and by comparison 
with controls. Supernatants obtained by centrifuga­
tion (10,000 X  g for 10 min) of broth cultures, followed 
by membrane filtration (0.45-/im pore size), were 
tested for lytic activity by applying drops to algal 
lawns and also by mixing 1 ml of filtrate with 1 ml of 
algal suspension in compartments of divided petri 
dishes (Sterilin).
. Growth inhibition was determined by streaking test 
bacteria perpendicularly up to the visible edge of 
established (2 days) growth of the antagonists on 
sectors of nutrient agar in petri dishes. To do this for 
algae, the area of nutrient agar not occupied by the 
antagonist was excised and replaced with K & M agar, 
onto which the algae were streaked 2 days later. With 
the algae similarily streaked on K & M agar and 
incubated for 2 days prior to agar excision and intro­
duction of the antagonist on nutrient agar, it was 
possible to determine whether lysis of established 
algae was caused by diffusion from the antagonist. 
Plates were incubated under standard conditions for 
3 days. Agar core samples (0.5-cm diameter), removed 
up to 4 cm beyond the leading edge of fiingal growth 
on nutrient agar sectors in petri dishes, were tested for 
the presence of diffusible lytic substances by incuba­
tion on A. flos-aquae lawns for 5 days. Any cleared 
zones appearing around the cores were examined mi­
croscopically and by culture on nutrient agar for 7 
days to establish the absence of viable antagonist 
propagules.
Detailed microscopic observations on the lysis of A. 
flos-aquae were made with wet mount and slide cul­
ture preparations, using phase-contrast optics.
RESULTS
Distribution and isolation of algal-lysing 
microorganisms. All habitats sampled yielded 
algal-lysing agents (Table 2). With aquatic sam­
ples, plaque numbers were highest from sites 
where algae were abundant (Table 1). For Chew 
reservoir, higher plaque numbers were obtained 
with samples from the entry point of a stream 
(location d) and a bay frequented by water fowl 
(e) than from the lake center (c) or near an 
aeration installation (a and b). A. flos-aquae, of 
the three screening algae, appeared to be the 
most susceptible to microbial lysis (Table 2). 
Lytic microorganisms isolated on O. tenuis and 
N. muscorum also formed plaques on A. flos- 
aquae, but the converse was not always true. 
Lytic isolates were subsequently maintained on 
A. flos-aquae lawns.
Of 1,065 plaques initially obtained, 400 were 
examined further, and 70 of these each yielded 
an axenic algal-lysing isolate. Plaques from 
which axenic lytic cultures were not obtained 
may have been due to organisms (e.g., viruses) 
unable to grow on the isolation media or to the 
activities of more than one type of organism. 
Many of the initial plaques formed from soil and
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aquatic samples contained amoebae predating 
the algae. These {Acanthamoeba sp.) will be 
reported in a separate paper.
Sixty-two of the 70 isolates were algal-lysing 
fungi, designated ALF-1 to -62. These were 
widely distributed in the aquatic and soil habi­
tats sampled (Table 3), with a high proportion 
obtained from Chew reservoir, where blue-green 
algae were common. Two fungal isolates were 
obtained from air. The remaining eight isolates






Artificial lake 1 1 3
Outdoor pond 7 3 6
Glasshouse pond 5 1 4
Chew reservoir (a) 3 4 1
(b) 4 3 2
(c) 2 2 1
(d) 5 2 5
(e) 5 3 4
SoU suspension 8 1 4
Air"
Glasshouse 1 2 1
Laboratory 2 2 3
Outdoors 2 3 3
" Per miUUiter of original sample spread on test 
algae. Each value is the mean from three separate 
samples.
* Per 60 liters.
comprised four bacterial species (three Flexi- 
bacter spp., one Pseudomonas sp.) and four 
Streptomycesspip. {S. albovinaceus, S. baarnen- 
sis, S. candidus, and S. gougeroti). Membrane 
filtration (0.45-jum pore size) of cell suspensions 
of all isolates removed algal-lysing activity, im­
plying that cyanophages were not involved.
Characteristics and identification of lytic 
fungi. The colony and hyphal morphology of 
fungal isolates resembled that of the Cephalos- 
poria, and, according to their properties, they 
were identified with five distinct species (Table
3). These, with the numbers of each, were: Ver- 
ticillium lamellicola, 2; Emericellopsis minima, 
6; Emericellopsis salmosynnemata, 26; Acre- 
monium charticola, 11; and Acremonium kil- 
iense, 17. The three genera represented are 
grouped with Cephalosporium (9). The number 
of lytic fungi isolated from aquatic samples (Ta­
ble 3) showed, with the exception of the artificial 
lake, a positive relationship to the number of 
Cephalosporium-like fungi detected on syn­
thetic medium, the latter numbers (per milli­
liter) being: artificial lake, 13; Chew reservoir 
(mean value), 39; and outdoor pond, 21.
Algal-lysing activity of fiingal isolates. 
These tests were done using the following rep­
resentatives of the species isolated: ALF-1 ( Ver- 
ticillium lamellicola), ALF-5 or -6 {Emericel­
lopsis minima), ALF-21 {E. salmosynnemata), 
ALF-35 {Acremonium charticola), and ALF-62 
{A. kiliense). According to plaque formation, 
the fungi lysed a range of blue-green algae, in­
cluding filamentous and unicellular types (Table
4). ALF-21, -35, and -62 were strongly lytic
T able 3. Characteristics of fungal isolates
Determination
Isolates
ALF-1 and -2 ALF-3 to -8 ALF-9 to -34 ALF-35 to -45 ALF-46 to -62
Source Greenhouse air 
[2]“




Outdoor pond [3] 
Lake margin soil 
[2]
Chew reservoir [6]
Outdoor pond [9] 
Lake margin soil 
[1]
Artificial lake [1]
Colony diameter after 10 
days at 22°C on malt 
agar
15 mm 16 mm 17 mm 12 mm 19 mm
.
Colony color White Orange Orange Pale orange/pink Orange
Reverse color Ochre Pale orange Pale orange Pale orange Yellow-orange
Length of phialides* 20 /im 25 jLtm 20 jam 20 jam 25 jam
Dimensions of conidia'’ 4.1 X 1.2 jum 5.0 X 1.9 /um 4.5 X 3.5 fim 4.5 X 2.0 /xm 5.1 X 1.6 jam
Dimensions of asci* NA'' 13 X 10 fim 11 X 12 /im NA NA
Dimensions of ascospores* NA 4.8 X 2.7 jam 6.0 X 3.8 jam NA NA
No. of wings per ascospore NA 4 4 NA NA
Identification Verticillium Emericellopsis Emericellopsis Acremonium Acremonium
lamellicola minima salmosynnemata charticola kiliense
“ Brackets indicate number of isolates from each source. 
* Mean of 20 in each case.
'■ NA, N ot applicable.
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against all blue-green algae tested, forming 
plaques > I cm in diameter within 3 days from 
point inocula, extending to almost clear the 9- 
cm-diameter algal growth surface in 2 to 3 weeks. 
ALF-1 was the only mold able to destroy each 
of the green algae, although activity was rela­
tively low, whereas ALF-21 and -62 failed to lyse 
green algae. The fungi lysed a wider spectrum of 
algae than any of the algal-lysing bacteria or 
streptomycetes. This is exemplified by reference 
to ALB-1 {Flexibacter flexilis) and ALS-1 
{Streptomyces albovinaceus) in Table 4. No iso­
lates lysed bacteria. In contrast to all fungi.
ALB-1 and ALS-1 did not lyse the unicellular 
blue-green algae {Anacystis nidulans and G. 
alpicola) or O. tenuis. Appreciable growth of 
the fungi accompanied their destruction (Fig. 1) 
of algal lawns.
Results for fungal lysis of algae in static liquid 
cultures (Table 5) were not always consistent 
with those obtained on lawn cultures. A. flos- 
aquae was the most readily lysed in this system, 
and again ALF-21, -35, and -62 were the most 
active fungi. Whereas agitation generally re­
duced lysis (Table 5), this was not so with ALF- 
6, -21, -35, or -62 added to Anacystis nidulans.
ss
B
F ig . 1. Fungal lysis of A. flos-aquae. Acremonium kiliense (isolate ALF-62) and Verticillium lamellicola 
(ALF-l) were point-inoculated (A and B, respectively) onto lawns of A. flos-aquae. Photographs were taken 
after 8 days (A) and 12 days (B) of illuminated incubation. Fungal growth is visible as light-colored patches 
within the cleared areas in A, whereas in B extensive growth uniformly covers the cleared areas.












ALF-1 ( Verticillium — (—) — 4-4- ( - ) 4-4- ( - ) — — 4-
lam ellicola)
ALF-6 ( E m ericellopsis 4- (4-) - 4-4- (4-) 4- ( - ) - - 4-
m inim a)
ALF-21 (E . sa lm osynnem ata) +  4- (4-4-) - 4-4- (4-) -t (4-) 4-4- 4- 4-4-
ALF-35 (A crem onium 4-4- (4-4-) 4- 4-4- ( - ) 4- ( - ) 4-P - 4-4-
charticola)
ALF-62 (A . kiliense) 4-4- (4-4-) 4- 4-4- (4-) 4-4- (4-) 4-4- 4- 4-4-
ALB-1 - ( - ) - 4-4- (4-) 4-4- ( - ) 4- -H4- 4-
ALS-1 - ( - ) — 4 - ( - ) 4-4- ( - ) — — -
" Lysis was scored after 7 days o f incubation as follows: —, no lysis; 4-, partia l destruction of algae; 4-4-, to ta l 
destruction of algae; ( ), agitated flasks, 90 oscillations per min.
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where dense fungal hyphal growth emeshed al­
gal cells and lysed them within 7 days.
The fungi retained algal-lysing ability after 
five or six fortnightly serial transfers on nutrient 
agar, whereas bacteria and streptomycetes lost 
activity after four transfers. All fungi remained 
lytic after up to 6 weeks of storage at 4®C on 
nutrient agar, but activity and viability subse­
quently declined. ALB-1 (10 weeks) was the only 
isolate to exceed this survival.
All Acremonium and Emericellopsis repre­
sentatives, but not the Verticillium (ALF-1), 
inhibited the growth of a range of blue-green 
algae and gram-positive bacteria {Streptococcus 
faecalis, Mycobacterium phlei. Bacillus sub- 
tilis) but not gram-negative species {Esche­
richia coli. Pseudomonas fluorescens). How­
ever, the algal-lysing bacteria and streptomy­
cetes showed no growth-inhibitory activity.
Evidence for diffusible fungal extracel­
lu lar lytic agent. Plaques caused by Emericel­
lopsis and Acremonium spp. in algal lawns were 
distinguished from those caused by Verticillium 
and bacterial isolates in having a narrow periph­
eral zone of algal destruction extending beyond 
the area occupied by the fungal hyphae. This 
type of plaque, suggesting diffusion of extracel­
lular lytic agents from the fungi, was seen with 
most algae and was particularity evident with A. 
flos-aquae. In further studies of the lytic proc­
ess, with emphasis on the action of Emericellop­
sis and Acremonium spp., A. flos-aquae was 
used extensively.
The observed sequence in fungal destruction 
of A. flos-aquae filaments in liquid and lawn 
cultures was an initial loss of typical pigmenta­
tion, often simultaneously in several adjacent 
cells, followed by segregation, loss of definition 
of cells, and lysis. Heterocysts were relatively 
resistant, but eventually also lost their cell con­
tents to appear as “ghosts.” Fungal conidia ger­
minated in slide culture on K & M agar in the 
presence of A. flos-aquae, causing lysis of adja­
cent algal cells at an early stage in mycelium 
outgrowth and extensive destruction in one day. 
The fungi grew slightly on algal culture filtrates 
added to K & M agar.
Streaks of established growth on agar of sev­
eral species of blue-green algae were progres­
sively lysed by diffusion from sectors supporting 
fungal growth (ALF-6, -21, -35, -62). Core sam­
ples, removed from the sterile agar at 1-cm in­
tervals beyond the growth front of the same 
fungi on nutrient agar after 2 to 8 days of incu­
bation, caused the formation of cleared zones 
when incubated for 3 days on A. flos-aquae 
lawns. Zone sizes, ranging up to 4.4-cm diameter, 
diminished in relation to core sampling distance 
up to 3 cm, but no activity was detected at 4 cm.
Zones in which algal growth was prevented and 
inocula cells destroyed were also caused if simi­
lar cores were placed on the growth medium for 
2 days and then removed prior to lawn inocula­
tion with algae. Heating the agar cores at 80°C- 
for 10 min (after initial melting at 100°C) only 
slightly reduced the algal-lysing activity, and 
after 100°C for 10 min the activity loss was 
approximately 25%. In all cases the cores were 
allowed to re-gel before use.
A known cephalosporin-producing strain of 
Cephalosporium (3) lysed A. flos-aquae and 
other algae in a way similar to the Emericellop­
sis and Acremonium isolates and gave similar 
results regarding the production of a diffiisible 
heat-stable inhibitory and lytic agent. However, 
other fimgi from a Stock culture collection, in­
cluding a Fusarium sp.. Pénicillium chryso- 
genum, Cephalosporium diospyri, and a Verti­
cillium sp., were not active against algae. Pure 
cephalosporin C (but not cephalosporin P) lysed 
A. flos-aquae lawns, forming zones proportional 
to the amount of antibiotic applied, 0.2 jug being 
detectable. The sequence of algal cell destruc­
tion was similar to that observed with the fungi 
that caused extracellular lysis. Aqueous extracts 
of sterile lytic agar cores from fungal cultures 
gave spots that co-chromatographed {Rf 0.24) 
with pure cephalosporin C on thin-layer chro­
matography plates (Kieselgel HF254+366, Typ. 60, 
Merck) developed with n-butanol-ethanol- 
water (4:1:5). /
Despite the strong extracellular lytic activity 
detected in agar cultures of Emericellopsis and 
Acremonium spp., plaque-forming activity was 
not detected in membrane filtrates from broth 
cultures or from liquid algal cultures lysed by 
these fungi, although after concentration by 
evaporation the culture supernatants gave spots 
which co-chromatographed with cephalosporin 
C.
DISCUSSION
Plaque numbers from aquatic samples were 
similar to those for other freshwater sites (6). 
However, many of the initial plaques found in 
this study were at least contributed to by fungi 
and amoebae. It is invalid, therefore, when enu­
merating algal pathogens in natural samples, to 
assume that each plaque in an algal lawn is 
attributable to one type of lytic agent, let alone 
to the presence of an individual lytic propagule. 
Nonetheless, our studies and others (7) with 
pure lytic isolates indicate that with dilute sus­
pensions plaque numbers do relate directly to 
numbers of lytic propagules.
The isolation of blue-green algal-lysing Flex­
ibacter and Pseudomonas species from fresh­
water habitats is consistent with other reports
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(2, 11). However, unlike several other workers 
(see 31) we obtained no lytic Myxobacter spp. 
The isolation of several algal-lysing streptomy­
cetes, together with other reports on actinomy- 
cetes (2,13, 14, 23, 24), suggests that the ability 
to inhibit or destroy live algae, both procaryotic 
and eucaryotic, is relatively common among 
these soil and aquatic microorganisms.
The pathogenicity of Chytridiales fimgi to­
wards blue-green algae is well documented (4). 
Considering the lack of previous reports of the 
detection of other algal-lysing fungi via plaque- 
formation techniques, the predominance of mold 
isolates in this study was surprising. Indeed, had 
mycological media been used at the stage of 
isolating from plaques, it is possible that even 
more fungi could have been detected. Our find­
ings are, however, not unexpected in the light of 
algal-inhibiting activity (24) in culture filtrates 
of some fungi isolated on synthetic media, and 
destruction of a Phormidium sp. by an uniden­
tified basidiomycete in a soil medium (22).
Algal-lysing fungi were isolated from all soil 
samples and from all except one of the aquatic 
sites. The isolation of one species from the air 
further indicates their ubiquity and demon­
strates that microbial pathogens of algae can be 
distributed in the air. Cephalosporia and related 
fungi, such as Emericellopsis, are commonly 
found in soil (12) and were readily detected in 
most aquatic habitats sampled. Algal-lysing 
fimgi of the types isolated may therefore be well 
distributed in the ecosystem.
A. flos-aquae was particularity sensitive to 
microbial lysis, a feature also noted by other 
workers (13, 31). This species was abundant at 
the time of sampling in Chew reservoir, which 
provided a large proportion of the lytic fungal 
isolates. It is tempting to consider that the par­
allel distribution of lytic fungi and susceptible 
algae in the natural habitat is linked with an 
antagonistic ecological role of the former. Sup­
porting in vitro observations include the germi­
nation of fungal conidia in the presence of A. 
flos-aquae, rapidly followed by algal lysis, and 
fungal growth on algal extracellular products 
and heat-killed algae.
The ability of the Emericellopsis and Acre­
monium spp. to inhibit and destroy hve blue- 
green algae is associated with their production 
of diffusible extracellular substances. This was 
particularüy evident with agar media. Although 
lysozyme activity (14) cannot be wholly dis­
counted, the relative heat stability of the lytic 
factors suggests something other than enzymic 
attack. The possibility that cephalosporin-type 
antibiotics (known to be bactericidal [20]) are 
responsible for algal lysis by these fungi is sup­
ported by the following evidence: (i) lytic activ­
ities of a known cephalosporin-producing fungal 
strain were very similar to the isolates; (ii) pure 
cephalosporin C lysed the algae; (iii) the isolates 
produced extracellular substance (s) co-chro- 
matographing with cephalosporin C; and (iv) 
Emericellopsis minima and E. salmosynnemata 
strains are known to produce some cephalospo­
rins (12,15), and cephalosporin C is produced by 
several Emericellopsis strains (16). Further de­
tailed studies on the mode of fungal lysis of algae 
are in progress.
While the formation of the algal-lysing agent 
on nutrient media in the absence of algae sug­
gests that algal lysis is an incidental activity of 
the fungi, there is also evidence that the abihty 
to destroy algae is advantageous to the fungi, 
which can thereby grow and sporulate in the 
absence of other nutrient sources.
Streptomycete lysis of a blue-green alga (14) 
was due to lysozyme production, and it was 
suggested that this might occur under natural 
conditions. The present study, and another (10) 
in which bacterial (Cellvibrio) lysis of blue- 
green algae was due to an extracellular heat- 
stable antibiotic, indicate that antibiosis may be 
counted in the potential anti-algal activities of 
microorganisms in natural systems.
Verticillium lamellicola was isolated less fre­
quently than the other fungal species and dif­
fered from them in the type of plaque formed on 
blue-green algal lawns and its consistent activity 
against green algae. This mold appears to differ 
from the other isolates in its mode of lytic action 
on blue-green algae.
Recent separate studies in this laboratory, in 
which algal-lysing fungi, streptomycetes, and 
amoebae were isolated more frequently than 
lytic bacteria from a variety of sods, substantiate 
this paper and support the view that a wide 
range of potential pathogens, other than bacteria 
and viruses, exist in ecosystems inhabited by 
blue-green algae.
The possible use of microbial agents to pre­
vent or destroy growth of bloom-forming algae 
has often been considered. An appraisal (30) of 
the extent to which the requirements of a satis­
factory algicide were met by cyanophages and 
lytic bacteria indicated that both scored more 
highly than copper sulfate on most criteria. Dur­
ing the summer of 1978 we propose to initially 
evaluate algal-lysing fungi for algal bloom con­
trol. Pending these tests, it seems that fungi of 
the types isolated in this study also have poten­
tial merits for such use. They have strong activ­
ity against the troublesome bloom-former A. 
flos-aquae, even under agitation, are easily 
maintained and grown on inexpensive artificial
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media, would remain as a viable spore inoculum 
after destruction of algae, are easy to monitor, 
and are readily available from natural sources.
ACKNOW LEDGM ENTS
We record grateful thanks to our esteemed former col­
league, the late Richard Codner, an experienced mycologist, 
for considerable help in identifying fungi and also for providing 
a culture of Cephalosporium  (Brotzu strain). We also thank 
the Bristol Waterworks Co. for sampling facilities, data, and 
assistance at Chew Valley Lake reservoir; Helen Forrest, 
whose recent results are mentioned; and C. H. O’Callaghan of 
Glaxo Research Ltd., who kindly gave us pure samples of 
cephalosporin antibiotics.
K.R. was supported by a Science Research Council research 
studentship.
LITERATURE CITED
1. A llen , M. M. 1968. Simple conditions for growth of uni­
cellular blue-green algae on plates. J. Phycol. 4:1-4.
2. B ersh ova , O. I., Zh. P. K op teva , and E. V . T antsyu-
renko. 1968. The interrelations between the blue-green 
algae—the causative agents of water “bloom” and bac­
teria, p. 159-171. In  A. V. Topachevsky (ed.), Tsvetenie 
Vody. Naukova Dumka, Kiev.
3. B rotzu, G. 1948. Ricerche su di un nuovo antibiotico.
Labori dell’ Institute d’Igiene di Cagliari, Sardinia.
4. Canter, H. M. 1972. A guide to the fungi occurring on
planktonic blue-green algae, p. 145-159. In T. V. Desi- 
kachary (ed.). Taxonomy and biology of blue-green 
algae. University of Madras, Madras, India.
5. D aft, M. J ., J . B egg , and  W . D. P. S tew art. 1970. A
virus of blue green algae from freshwater habitats in 
Scotland. New Phytol. 69:1029-1038.
6. D aft, M. J ., S. B. M cCord, and  W. D. P. S tew art. 1975.
Ecological studies on algal-lysing bacteria in freshwa- 
ters. Freshwater Biol. 5:577-596.
7. D aft, M. J ., and W. D . P. S tew art. 1971. Bacterial
pathogens of freshwater blue-green algae. New Phytol. 
70:819-829.
8. D oudoroff, M., and  N. J . P a lleron i. 1974. Genus I
Pseudom onas Migula 1894, 237, p. 217-243. In  R. E. 
Buchanan and N. E. Gibbons (ed.), Bergey’s manual of 
determinative bacteriology, 8th ed. The Williams & 
Wilkins Co., Baltimore.
9. G am s, W. 1971. Cephalosporium-artige Schimmelpilze
(Hyphomycetes). Gustav Fischer Verlag, Stuttgart, 
Germany.
10. G ranhall, U ., and B. B erg. 1972. Antimicrobial effects
of Cellvibrio on blue-green algae. Arch. Mikrobiol. 
84:234-242.
11. G rom ov, B. V., O. G. Ivan ov , K, A. M am kaeva, and
I. A. A vilov . 1972. A flexibacter that lyses blue-green 
algae. Mikrobiologiya 41:1074-1079 (in Russian; Eng­
lish translation in Microbiology USSR 41:952-956).
12. G rosk lags, J . H., and  M. E. Sw ift. 1957. The perfect
stage of an antibiotic-producing Cephalosporium. My-
cologia 49:305-317.
13. G unnison, D ., and M. A lexander. 1975. Resistance and
susceptibility of algae to decomposition by natural mi­
crobial communities. Limnol. Oceanogr. 20:64-70.
14. G unnison , D ., and M, A lexander. 1975. Basis for the
susceptibility of several algae to microbial decomposi­
tion. Can. J. Microbiol. 21:619-628.
15. K avanagh , F., D. Turin, and G. W ild. 1958. Antibiotics
formed by species of Em ericellopsis. Mycologia 
50:370-372.
16. K orzybsk i, T ., Z. R ow szyk-G indifer, and W . K ury-
low icz . 1967. Antibiotics—origin, nature, properties, 
vol. II. P.W.N. Polish Scientific Publishers, Warsaw.
17. K ratz, W . A ., and J . M yers. 1955. Nutrition and growth
of several blue-green algae. Am. J. Bot. 42:282-287.
18. K uster, E. 1972. Simple working key for the classification
and identification of named taxa included in the Inter­
national Streptomyces Project. Int. J. Syst. Bacteriol. 
22:139-148.
19. Le w in , R. A. 1969. A classification of Flexibacteria. J.
Gen. Microbiol. 58:189-206.
20. O’C ailaghan , C. H. 1975. Classification of cephalosporins
by their antibacterial activity and pharmacokinetic 
properties. J. Antimicrob. Chemother. l(Suppl.):l-12.
21. O vercast, W . W ., and  D, J . W eakley. 1969. An aureo-
mycin-rose bengal agar for the enumeration of yeast 
and mould in cottage cheese. J. Milk Food Technol. 
32:442-447.
22. P arker, B . C., and H. C. B old. 1961. Biotic relationships
between soil algae and other microorganisms. Am. J .  
Bot. 48:185-197.
23. R ubenchik , L. I., O. I. B ershova , and  Zh. P. K nizhnik.
1965. On the interrelation of Anabaena  with bacteria 
and actinomycetes, p. 223-226. In Ecologia i physiologia 
sinezelenych vodorosleiy. Nauka, Moscow (in Russian).
24. Safferm an , R. S., and  M.-E. M orris. 1962. Evaluation
of natural products for algicidal properties. Appl. Mi­
crobiol. 10:289-292.
25. Safferm an , R. S., and M.-E. M orris. 1963. Algal virus;
isolation. Science 140:679-680.
26. Sam ejim a, H., and J . M yers. 1958. On the heterotrophic
growth o t .dhlorella  pyrenoidosa. J. Gen. Microbiol. 
18:107-117.
27. Sh ilo , M. 1970. Lysis of blue-green algae by Myxobacter.
J. Bacteriol. 104:453-461.
28. S in gh , P . K. 1973. Occurrence and distribution of cyano­
phages in ponds, sewage and rice fields. Arch. Mikrobiol. 
89:169-172.
29. S tew art, J  R., and R, M. Browm. 1969. Cytophaga  that
kills or lyses algae. Science 164:1523-1524.
30. S tew art, W . D. P ., and  M. J . D aft. 1976. Algal lysing
agents of freshwater habitats, p. 63-90. In  F. A. Skinner 
and J. G. Carr (ed.). Microbiology in agriculture, fish­
eries and food. Society for Applied Bacteriology Sym­
posium Series No. 4. Academic Press, London.
31. S tew art, W . D, P ., and M. J . D aft. 1977. Microbial
pathogens of cyanophycean blooms, p. 177-218. In  M. 
R. Droop and H. W. Jannasch (ed.). Advances in 
aquatic microbiology, vol. 1. Academic Press, London.
